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ABSTRACT

Open-pit mining of the Athabasca oil sands has generated large
volumes of waste termed fluid fine tailings (FFT), stored in tailings ponds
to promote water recycling and densification of solids. Of great concern
with these ponds is accumulation of toxic organic substances, including
naphthenic acids. Gamma irradiation (GI) is a possible treatment that
could accelerate biodegradation of these compounds. This research
investigates the response of the FFT microbial consortia to this treatment
with emphasis on changes in diversity and species related stimulus.
Samples were collected over 52 weeks from two representative
gamma-treated FFT sources. Over this period, significant differences in
microbial development were observed in the gamma-treated FFT
materials in oxic and anoxic conditions. The representative anaerobic
metabolizers in both ponds were dominantly chemoorganotrophic
organisms. Pond 1A (P1A) FFT experienced significant (p<0.05) stimulus of
organisms with biodegradation potential (e.g. Pseudomonas, Enterobacter,
Diaphorobacter)

and

syntrophic

methylotrophic

capabilities

(e.g.

Syntrophus, Smithella). In comparison, GI treatment of FFT from South
Tailings Pond (STP) did not exhibit the same impact. In this case
Desulfuromonas was the principle genus showing significant (p<0.05)

v

stimulus at the end of 52 weeks. Under atmospheric conditions (e.g.
aerobic) gamma-treated FFTP1A showed an increase in organisms capable
of sulfur and metal cycling (e.g. Geobacter). No significant community
stimulus was observed in the gamma-treated FFTSTP under aerobic
conditions. This research provides enhanced understanding of oil sands
tailings biogeochemistry and GI impacts on microorganisms with the
ultimate goal of accelerated stabilization and remediation toward a
sustainable ecosystem.
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CHAPTER 1
INTRODUCTION

1.1

Introduction to the Athabasca Oil Sands
The Athabasca oil reserves of northern Alberta, Canada make up one of the

largest hydrocarbon reserves of recoverable bitumen in the world (Energy Resource
Conservation Board of Alberta (ERCB) 2012), spanning an area of approximately 75,000
km2 (Shuqing et al. 2008) (Figure 1.1). Oil sands deposits are comprised of a sand, clay,
water and bitumen mixture at depths ranging from 0-500 m below the ground surface
(Harner et al. 2011). The most accessible deposits are close enough to the surface
(within 75 m) to enable bitumen to be extracted through open-pit mining coupled with
the Clark hot water extraction process (Chalaturnyk et al. 2002). This recovery process
uses a combination of hot water, caustic soda (NaOH) and steam, and consequentially
generates large volumes of waste, termed fluid fine tailings (FFT). Specifically, the
Alberta oil sands operations generate an estimated 262,000 m3 of tailings material per
day (Siddique et al. 2011) because every unit of bitumen extracted requires an average
of three units of (Athabasca River or recycled) water, resulting in approximately four
units of waste produced (Allen 2008). The current practice is to store the FFT in minedout basins, termed tailings ponds, to allow settling of suspended particles for
densification and to facilitate water separation (Holowenko et al. 2000). The overlying
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oil sands process-affected water (OSPW) is recycled for use in the extraction process,
reducing fresh water demand (Figure 1.2). However, various organic and inorganic
compounds accumulate in the ponds with this procedure, increasing the toxicity of oil
sands process-affected material (OSPM) (Clemente & Fedorak 2005).
Managing tailings ponds is vital for oil companies operating in the Athabasca
region as they are obliged to comply with provincial regulations of reclaiming 100% of
disrupted land leased for their industry (Holowenko et al. 2002). One of the principal
environmental concerns relating to storage of tailings material is the presence of
residual by-products of the extraction process, e.g. naphthenic acids (NAs), as well as the
production and release of greenhouse gases (e.g., hydrogen sulfide, methane, carbon
dioxide) as a result of microbial metabolism. Additionally, the challenge with FFT is that
the settling time of solids proves to be much slower than initially anticipated (Mamer
2010). This means reclamation plans are delayed and the land occupied by tailings ponds
is continually increasing as bitumen mining processes persist. Depending on the specific
constituents and their proportions in FFT, materials of each tailings pond will behave
and settle in a unique fashion. Without treatment, it may take several decades for some
FFT to settle to the point where the solids are dense enough to be considered for
reclamation intentions (Eckert et al. 1996).
A common direction with oil sands tailings pond remediation is toward the
transformation into sustainable wetlands (Quagraine et al. 2005; Kovalenko et al. 2013).
The biogeochemical function and role of microorganisms is fundamental to this
approach, driving and influencing the overlying water column through diverse metabolic
2

degradation and detoxification processes (Stasik et al. 2014). Microbial activity is an
essential component of ecosystem function in all systems. Although we know a fair bit
about processes and functions in natural systems (Leahy & Colwell 1990; Jorgensen et al.
2012; Shirokova & Ferris 2013), less is known about microbial patterns in systems
created with novel materials such as OSPM. Understanding microbial ecology and how it
develops and changes within these systems enhances our knowledge on the
biogeochemistry of FFT and allows for more educated efforts regarding their successful
remediation.

1.2

Biogeochemistry of Tailings Ponds
Tailings ponds provide a unique environment for a variety of microorganisms.

Microbial metabolic processes contribute greatly to the geochemical composition of
natural sediments and soils, and the microbes fundamentally depend on reductionoxidation (REDOX) processes to gain energy for reproduction and growth. Not only do
REDOX reactions provide microorganisms with essential energy, but they also promote
geochemical cycling of metals and nutrients within the system (Reeburgh 1983; Fortin et
al. 1996; Meier et al. 2004; Shirokova & Ferris 2013).
Oil sands FFT are biogeochemically heterogeneous, and thus demonstrate
distinct reactive zones of biogeochemical cycling. An intense sulfidic zone occurs just
below the FFT-OSPW interface (Chen et al. 2013; Boudens et al. 2016), where increased
levels of sulfate reducing bacteria (SRB) are typically found and with which elevated
3

sulfate reduction rates are associated (Penner & Foght 2010; Ramos-Padrón et al. 2011).
REDOX reactions continuously transform the oxidation states of compounds in the
system as microbes take advantage of electron transfers for energy gain and metabolic
processes.
In the presence of oxygen, aerobic microorganisms will utilize the 0 2 molecule as
a terminal electron acceptor since the reduction of oxygen is the most energetically
favourable, as illustrated through the REDOX ladder concept (Figure 1.3). Accordingly,
the highest degree of hydrocarbon biodegradation is typically observed in oxic
environments (Leahy & Colwell 1990).
In an anaerobic environment, which is commonly correlated with depth in waters
and sediments (due to high viscosity giving little opportunity for oxygen diffusion),
microorganisms will utilize other compounds (e.g. iron, nitrate, sulfate, etc.) as electron
acceptors to facilitate REDOX reactions. The bioreduction of sulfate to hydrogen sulfide
(HS-), for example, is more energetically favourable than the reduction of carbon to
produce methane (CH4) by microbial methanogenesis (Figure 1.3); hence the presence
of sulfate in a system dictates the expression of the latter as competition for substrates
renders SRB dominant (Holowenko et al. 2000). Due to SRBs being at a competitive
advantage when sulfate is present, their population is expected to dominate the
microbial profile in that zone. When the sulfate pool is depleted, however, the
methanogens will theoretically proliferate and thus become the dominant species while
the SRB numbers decrease (Ramos-Padrón et al. 2011).

4

Correspondingly, the observation of methane production from tailings ponds was
not initially recognized in the Athabasca oil sands. The Mildred Lake Settling Basin
(MLSB), for example, was established in 1978, yet it was not until the early 1990's that
emissions of methane were detected (Holowenko et al. 2000). Furthermore, Coy and
colleagues (2003) reported that aged FFT mesocosms contained methane, but fresh FFT
mesocosms did not. This is due to the anaerobic environment only becoming established
as FFT settles over time and the microbially-mediated REDOX reactions that occur.
Holowenko et al. (2000) tested the ability of sulfate to inhibit methanogenesis and
illustrated that the presence of sulfate as an alternative terminal electron acceptor
within sample mesocosms does in fact stimulate bacterial competition for available
substrate and suppress microbial methanogenesis. This detail, in turn, suggests that the
addition of sulfate to methanogenic tailings ponds controls the activity of the
methanogens by stimulating SRB. Ramos-Padrón and colleagues (2011) also tested this
idea by adding sulfate in the form of gypsum (CaSO4•2H2O) to methanogenic FFT and
reported nearly 50% methanogenesis inhibition in their laboratory incubations.
Several studies have focused on geochemical cycling within FFT, and the
corresponding microbial composition has been well characterized (Holowenko et al.
2000; Fedorak et al. 2002; Penner & Foght 2010; Harner et al. 2011; Ramos-Padrón et al.
2011; Golby et al. 2012; Chi Fru et al. 2013; Stasik et al. 2014), yet much is still unknown
about these ecosystems and the microbial communities that they harbour. Additionally,
individual tailings ponds each have a unique history of establishment, time frame of
activity, and origin of material, which lead to particular geochemical characteristics, and
5

hence exhibit unique microbial profiles. The research presented here investigated how
the indigenous microbial communities of two tailings pond sources within the Athabasca
oil sands region responded when the geochemical composition of the system was
altered in an effort to treat recalcitrant hydrocarbon contaminants (i.e. naphthenic
acids).

1.3

Naphthenic Acids and Current Treatment Options
Naphthenic acids (NAs) are a complex group of aliphatic or alicyclic carboxylic

acids and may or may not include nitrogen and/or sulfur, with the general empirical
formula CnH2n+ZO2 where n represents the number of carbon atoms and Z represents the
deficiency of hydrogen atoms in the case of cyclic properties (Figure 1.4) (Clemente &
Fedorak 2005; Scott et al. 2008). These compounds are found naturally in most
petroleum sediments, including the Athabasca reservoir, and are considered to be a byproduct of aerobic microbial degradation of petroleum hydrocarbons (Scott et al. 2005;
Grewer et al. 2010). Although continual aerobic biodegradation is reported to reduce
the concentration of these compounds, the Clark hot water extraction process releases
these water-soluble compounds from the oil deposits. Accordingly, they become
concentrated in the tailings ponds, typically in the range of 40-120 mg/L (Clemente &
Fedorak 2005; Quagraine et al. 2005). In fact, it is uncommon for NA concentrations to
decline below 20 mg/L because of the presence of a persistent, non-biodegradable
fraction of NA compounds (Quagraine et al. 2005). These compounds are acutely and
6

chronically toxic to aquatic organisms, which is of particular concern when considering
the remediation of these tailings ponds (Allen 2008; Boudens et al. 2016). Due to their
amphipathic characteristics, NAs are capable of disrupting the lipid structure of cell walls
and causing death by narcosis (Frank et al. 2008).
Several methods have been explored for the treatment of OSPM to promote or
accelerate the breakdown of contaminant hydrocarbons and reduce environmental
effects of NAs. Many treatments focus on enhancing biodegradation capabilities, for
instance, by augmenting the indigenous community with bacteria that are known NA
degraders (Quagraine et al. 2005) or stimulating the indigenous microorganisms with
nutrient supplementation to encourage appropriate in situ microbial enrichments for
biodegradation (Tan et al. 2013). A few research papers focused on enrichments derived
from OSPM to study community structure and biodegradation activities when exposed
to varying contaminants. For example, Berdugo-Clavijo and Gieg (2014) enriched a
methanogenic crude oil-degrading consortium from OSPW and showed that organisms
native to petroleum reservoirs are able to bio-convert crude oil to methane. Siddique et
al. (2012) used primary enrichment cultures derived from OSPM to characterize the
community responsible for methanogenic degradation of NAs and BTEX compounds
commonly associated with tailings. The results from this study illustrated that the
primary substrates of the matrix (i.e. naphtha, BTEX, short-chain NAs) largely influenced
the community profile and that there are different carbon flow pathways to the
production of methane (CH4) within these types of environments. Though
biodegradation of contaminant hydrocarbons has proven successful to break down
7

particular compounds and result in reduced toxicity of the system over time, other
studies have illustrated that certain congeners are much more resistant to natural
microbial degradation. Toor et al. (2013) discovered that NA congeners with lower
carbon numbers (n = 11 to 16) and fewer degrees of cyclization (Z = -2 to -4) showed
faster degradation with relatively short half-lives (19 to 28 weeks), whereas longer NAs
(n = 17 to 20) with greater degrees of cyclization (Z = -6 to -12) were much more
persistent and had longer half-lives (37 to 52 weeks). These findings suggest that the
more persistent NAs within FFT are composed of longer alkyl branched side chains
because they are less bioavailable for microbial degradation due to more intramolecular
hydrogen bonding (Johnson et al. 2011).
In order to target the more bio-persistent congeners of NAs, chemical treatments
that oxidize hydrocarbons have been explored. Several researchers have turned toward
treatments that generate hydroxyl radicals when breaking carbon-carbon bonds of
hydrocarbon molecules such as ozonation (Scott et al. 2008; Martin et al. 2010;
Anderson et al. 2012), and photo-catalysis (McMartin et al. 2004). In 2005, Scott and
colleagues reported that NAs found in OSPM are less biodegradable than commercial
NAs. In 2008 the same group demonstrated ozonation as an effective means to reduce
NA concentrations in OSPW by approximately 70%, which greatly decreased the fraction
of high molecular weight hydrocarbons in the ozonated system. These findings suggest
that chemical treatments implemented to target recalcitrant NAs in OSPW hold high
potential to break down these toxic compounds. Furthermore, the chemical changes
that result from these treatments lead to a higher proportion of labile carbon source for
8

microbial activities, which gives potential to accelerate additional biodegradation of
contaminant organic compounds in the treated system. For instance, the research by
Martin et al. (2010) illustrated a significant acceleration of toxicity removal of OSPW
once native microbes were reintroduced after ozonation.
Although the aforementioned chemical options to treat NAs hold strong
potential to reduce toxicity, they are limited to OSPW as they are not capable of
penetrating the turbidity of most FFT. For this reason, an alternative method is required
for a suitable treatment of all OSPM – one that is able to treat both OSPW and
unconsolidated FFT material. This would eliminate the time delay for consolidation of
particulate matter, which is considered the rate-limiting step concerning reclamation of
oil sands FFT.

1.4

Gamma Irradiation as a Novel Treatment for NAs
Radiation is a form of energy that can initiate chemical, physical and biological

changes to any material that is exposed. Gamma irradiation (GI) is most commonly
produced from the decay of cobalt-60 and is a procedure typically favoured for
sterilization of medical equipment, pharmaceuticals, and food after packaging
(Aparecida 2012). GI is preferred over other methods because of its high penetrability,
precision, and reproducibility; the treated product can be used immediately; and, most
importantly, GI exposure does not leave the treated product radioactive (International
Atomic Energy Agency 2011). Additionally, GI at low doses (<50 kGy) results in minimal
9

adverse physicochemical changes (McNamara et al. 2003; Bank et al. 2008). For these
reasons, Herbert et al. (2005) reported GI treatment to be the most effective
sterilization method when comparing several treatment methods for eliminating ironand sulfur-oxidizing bacteria in mine tailings. Furthermore, GI can penetrate turbid fluids
and sediments, unlike previously described treatments, giving it the potential to treat
large volumes of tailings material (Bank et al. 2008; Chen et al. 2013; Chi Fru et al. 2013).
Traditionally, GI has been utilized as a physical means for sterilization since its
energy generates free radicals that break chemical bonds; at the molecular level, the
DNA of an organism may be destroyed or rendered nonviable due to its inability to
reproduce (Aparecida 2012). The present study benefits from the potential of GI to
break carbon-carbon bonds in terms of toxic organic compounds (i.e. labile and
recalcitrant NAs) within the FFT; gamma-treated FFT is considerably less toxic than the
parent FFT (Boudens et al. 2016) and subsequently, the material is sterile. Re-inoculation
of GI-sterilized FFT with a representative biologically active sample of the corresponding
untreated parent FFT permits examination of how indigenous microorganisms respond
to this induced change in organic chemistry (e.g. increased bioavailability of the carbon
source). For instance, Martin and colleagues (2010) found a significant acceleration of
toxicity removal of OSPW after reintroducing native microbes to an ozonated sample.
The present study, however, is the first involving re-inoculation of the original microbial
community after treating FFT with GI. For simplicity and the remainder of this thesis, the
untreated original FFT material in this study is referred to as “G-“ and the gammairradiated FFT that has been re-inoculated with the corresponding biotic G- FFT is
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referred to as “G+”. The G- FFT is used as a positive reference against which to compare
the G+ FFT microbial community development.

1.5

Next Generation Sequencing
Studies in microbial ecology and DNA sequencing contribute profound

information to a wide range of scientific disciplines, including medical, pharmaceutical,
and environmental investigations. Traditionally, microbial analyses relied on
microorganism isolation and cultivation for characterization; this approach, however, is
only capable of identifying less than 1% of a microbial consortium (Samarajeewa et al.
2015). Molecular approaches, such as denature gradient gel electrophoresis (DGGE) and
restriction fragment length polymorphism (RFLP) coupled with Sanger sequencing, are
culture-independent, yet are time consuming and costly. Next Generation Sequencing
(NGS), however, has revolutionized microbiology and genetic research by greatly
increasing throughput as well as decreasing cost per read. The Ion Torrent Personal
Genome Machine (PGM) is a DNA sequencing platform that directly senses the release
of protons from template-directed DNA polymerase synthesis by measuring the shift in
pH as a complementary strand grows. Individual nucleotides are washed over the
sample chip and allow for complementary base-pair synthesis of small DNA sequences
(e.g. isolated short hypervariable regions of the 16S small subunit (SSU)) (Rothberg et al.
2011; Samarajeewa et al. 2015). This technology has allowed microorganisms with low
abundance within a consortium to be detected, unlike traditional methods, resulting in
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much higher throughput and a more complete metagenomic profile than is possible with
previous methods.

1.6

Research Scope
The study investigates the microbial community structure, development, and

response to gamma-treated OSPM samples collected from the Athabasca oil sands
region. The GI treatment is of interest since it has been shown to degrade persistent
compounds such as NAs. To assess microbial community shifts in the GI treated
materials, indigenous microorganisms re-inoculated into GI OSPM (G+) were monitored
over time and compared to the microbial assemblages of untreated OSPM (G-).
Similar to other ionization techniques, GI essentially breaks carbon-carbon bonds
of complex organic molecules. With this understanding, it would be advantageous to
examine the microbial development and identify coincident changes in FFT
biogeochemistry. GI effectively degrades NAs in FFT (Chen et al. 2013) and results in
reduced toxicity (Boudens et al. 2016). The ionization of complex hydrocarbon
congeners in gamma-treated FFT may produce a more suitable bioavailable carbon
source for microbes to degrade (Martin et al. 2010). Within this context, GI has
significant potential as a means for degrading NAs and subsequently eliminating them
from oil sands tailings prior to their ultimate release into the environment in the form of
a dry or wet landscape approach to reclamation (Quagraine et al. 2005).
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To address the potential of GI as a proposed treatment option for tailing slurries,
the microbial profile of FFT in this study was investigated over a 52-week period using
laboratory mesocosms comparing fluid fine tailings from two different sources, Pond 1A
(P1A) and South Tailings Pond (STP) from Suncor Energy Inc. (Figure 1.5). This research
examined the efficacy of this remediation method by confirming the ability of GI to
degrade NAs in OSPM in a complementary collaborative study (Boudens et al. 2016) as
well as documenting microbial development and community composition in the G+ FFT
(this study). The biogeochemistry of oil sands tailings is complex, and there is a need for
a detailed, systematic study of the governing physicochemical and biological
components to determine the overall response to the GI treatment approach. This
demonstration that GI, an established wastewater treatment technology (International
Atomic Energy Agency 2011), degrades and detoxifies OSPM sufficiently to support
natural biological communities in the laboratory will provide proof-of-concept of a
method that could contribute substantially to resolving one of Canada’s most pressing
environmental concerns.

1.7

Hypotheses
In this thesis, it is hypothesized that the ionizing radiation of GI disrupts the

(poly)cyclic hydrocarbon base structure of various individual NAs that constitute OSPM
(Kovalenko et al. 2013), creating smaller, less complex, biodegradable compounds by a
mechanism comparable to those reported for NA treatment using other forms of
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ionization (Scott et al. 2008; Martin et al. 2010). The altered organic chemistry of the
system increases the amount of bioavailable carbon for microbial respiration processes,
and this leads to stimulus of indigenous hydrocarbon degrading microorganisms (Martin
et al. 2010). The increase of bioavailable carbon within the FFT created from GI
treatment is expected to stimulate the microbes’ activity, thus leading to a higher
degree of biogeochemical cycling and greater nutrient consumption. As a result of the GI
treatment it is expected that the microbial community compositional changes will lead
to a community evolving at a more advanced rate than observed in G- treatments.

1.8

Objectives and Predictions
This thesis is comprised of a detailed introduction, a comprehensive data chapter

that investigates the putative influence of GI treatment and whether this process
fundamentally alters the indigenous microbial community within the FFT, and a
discussion chapter that summarizes and integrates the implications and limitations of
the findings and identifies further research needs. The research objectives for Chapter 2
involve the examination of the microbial communities developing in two distinct FFT
materials – one from P1A, which represents material collected from a 40-year-old
tailings facility, and samples from STP, which is younger in age at 9 years and currently
still recycled and used in the Suncor operation. The older material is thought to contain
a large fraction of recalcitrant NA compounds since it has experienced several decades
of natural biodegradation (targeting more labile congeners in the matrix) and is
therefore expected to harbour a diverse chemoorganotrophic microbial community. In
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comparison, the younger, fresh material contains both recalcitrant and labile
hydrocarbons and has not been subjected to the degree of biodegradation of Pond 1A.
From this context, it is expected that the community within STP may be represented by
a microbial community that is less diverse, comprised of organisms that are tolerant of
an active (i.e. disturbed) FFT environment.
Over the course of this 52-week investigation the microbial communities within
the two FFT materials were examined. Correlations were observed during the onset of
developing REDOX gradients with microbial progression. A comparison of both biological
and physicochemical results for atmospheric and anoxic environments was identified.
Microbial enrichments were performed to study the effects of GI treatment on microbial
sulfur dynamics for both untreated OSPW vs. gamma-treated OSPW.
Since GI results in the ionization and breakdown of organic compounds, the
resulting material is expected to contain a higher proportion of labile (i.e. bioavailable)
hydrocarbons than the parent reference material. The introduction of more labile
organics is expected to subsequently promote microbial respiration and may accelerate
the rate of biogeochemical processes within the system. Specifically, it is predicted that
organisms responsible for biodegradation of contaminant hydrocarbons will experience
a stimulatory effect as a result of the GI process. Correspondingly, it is also expected
that the treated systems will exhibit an increased rate of nutrient cycling through
microbial REDOX reactions. Therefore, organisms associated with sulfur, iron, and
carbon cycling are predicted to be more abundant as a function of treatment. A positive
control of FFT (G-) was used for comparison with the gamma-treated, re-inoculated FFT
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(G+) and NGS technology using the Ion Torrent platform was the means for
metagenomic analysis. A collaborative study (Boudens et al. 2016) investigating
chemical and toxicological parameters complements this study of examining GI influence
on the microbial community of FFT.
Chapter 3 describes the significance of the research presented in Chapter 2 and
discusses recommendations for future work regarding some of the limitations
experienced with this study as well as the potential for GI treatment of oil sands tailings
material.
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Figure 1.1: Map depicting location of the Athabasca oil reserves in northern Alberta,
Canada (Government of Alberta, 2009).
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Figure 1.2: Cross-sectional description of a typical tailings pond comprised of tailings
waste as a result of the Clark hot water extraction process used to separate bitumen
from oil sands ore. 1, fresh mine tailings are pumped into the basin; 2, solids (i.e. sand,
clay, silt) will eventually settle to the bottom of the basin; 3 and 4, collectively referred
to as FFT, composed of a slurry of unconsolidated solids and OSPW; 5, OSPW gradually
separates to the top through microbially-mediated densification processes; 6, the OSPW
may be recycled back into the extraction process; 7, residual bitumen floats atop the
OSPW where it may be skimmed off and processed further (Government of Alberta,
2009).
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Figure 1.3: Schematic depiction of microbial processes that occur in natural
environments according to the REDOX ladder concept of thermodynamically favourable
oxidation-reduction reactions that facilitate electron transfers. The red arrow illustrates
the decrease in thermodynamic energy gained from each reaction as the compounds are
consumed in the system.
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Figure 1.4: Examples of naphthenic acid compounds, with the empirical formula
CnH2n+ZO2, where n represents the carbon number and Z represents the deficiency of
hydrogen atoms in the case of cyclic properties (Clemente & Fedorak 2005).
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Figure 1.5: Arial perspective of Suncor Energy Inc. mining operations in Athabasca oil
sands region of northern Alberta, Canada. P1A outlined top left, STP outlined bottom
right (Google Maps 2016).
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CHAPTER 2
THE MICROBIAL GENOMIC FEATURES AND RESPONSE TO GAMMA-IRRADIATED
FLUID FINE TAILINGS: A COMMUNITY STRUCTURE PERSPECTIVE

2.1

Introduction
Microbial metabolic activities depend on the geochemical composition of the

inhabited environment, which is ever-changing due to biotic and abiotic chemical
transformations, physicochemical fluctuations (e.g. temperature, pH, electron acceptors,
etc.) and anthropogenic impacts such as agriculture (e.g. fertilizer, manure). For these
reasons, the composition of a microbial community constantly develops, reflecting the
environmental settings. The microbial community of OSPM is no exception as the
microbes depend on both the chemical environment and the availability of nutrients. For
example, Stasik and Wendt-Potthoff (2014) demonstrated microbial adaptation when
they showed reduced degradation of BTEX compounds within OSPM when more
bioavailable carbon sources were present.
A diverse assemblage of microorganisms can be found in many aqueous
environments, including those that exist in oil sands tailing ponds. Members of the
phylum Bacteroidetes are typical, ubiquitous bacteria that have been isolated from soil,
marine and fresh water systems, activated sludge, and other systems (Thomas et al.
2011). They are commonly connected with degradation capabilities associated with
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complex organic compounds and hence possess potential for biotechnological
applications (Kaplan and Kitts 2004; Bernardet and Bowman 2006; Thomas et al. 2011).
Another widespread group of bacteria is the phylum Proteobacteria, considered to be
the largest and most phenotypically diverse group of bacteria. They include
microorganisms that exhibit a wide range of energy-generating mechanisms and are
largely responsible for carbon, sulfur, iron and nitrogen cycling within the environment
(Kersters et al. 2006; Bowman 2011; Hedrich et al. 2011).
This chapter describes the profiles of microbial communities that develop as a
function of time following GI treatment within two different oil sands FFT products. It is
believed that the ionizing effects of GI will alter the organic chemistry of the FFT matrix
resulting in a higher fraction of labile hydrocarbons than are present in the parent FFT,
and are consequently more bioavailable for microbial metabolism. It is expected that the
greater abundance of bioavailable carbon will stimulate microbial activity thus
enhancing particular microbial groups capable of facilitating biodegradation and
biogeochemical cycling. A benefit of this response could be faster or more complete
degradation of residual hydrocarbons in FFT. Alternatively, microbial metabolism may be
limited, with gamma-treated FFT having no stimulatory effect on microbial activity. To
assess the suitability and potential of GI as a treatment method to facilitate the
breakdown of petroleum hydrocarbons within FFT, examination of its possible positive
and negative effects on the microbial community and biogeochemical dynamics is
required. A 52-week laboratory study using a series of 2-L mesocosms to represent
OSPM of tailings ponds was the experimental design for evaluating the efficacy of GI
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treatment on the microbial community within FFT. Microbial profile comparisons of
gamma-treated FFT re-inoculated with its native microbial community (G+) to the
respective untreated FFT (G-) was employed to address the significant biological
differences as a result of the GI process.

2.2

Experimental Procedures

2.2.1 Sources and sample characteristics
OSPM was obtained from two industrial tailings ponds located on the Suncor
lease north of Fort McMurray, Alberta, Canada. Pond 1A (P1A) is one of the oldest
tailings ponds in the area, established in the late 1960’s (Fedorak et al. 2003). Once filled
with OSPM, it became a flow-through water storage pond, supplying the bitumen
processing plants with recycled water from upstream Pond 2/3. The densification of
tailings material is an important factor for the reclamation of these ponds (Eckert et al.
1996; Quagraine et al. 2005; Kannel and Gan 2012). The ‘aged’ FFT collected from the
bottom of P1A represented a source of stable, consolidated FFT that contained
recalcitrant hydrocarbons, which have been subject to natural biodegradation. Thus,
P1A provides a unique source for studying the possible effects of GI treatment on aged
FFT materials.
In contrast, the second material was collected from South Tailings Pond (STP)
which was 9 years old at the time of sampling and still receiving newly processed OSPM.
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The ‘fresh’ FFT collected from the bottom of STP was much less consolidated than the
material from P1A. The FFT from STP had a water content of 65-70% and hence was
more liquid and considered to be more homogeneous and less stratified than P1A
material. Both FFT and OSPW of STP were expected to contain a full suite of labile and
recalcitrant NA isomers since natural biodegradation has had limited time to occur and
the microbial community is at a relatively young successional stage. From chemical,
biological and treatment perspectives, STP represented a tailings pond early in
development relative to P1A.

2.2.2 Mesocosm design and sampling
Approximately 100 L of FFT and 100 L of OSPW were collected from each tailings
pond (P1A and STP) in August 2012 and shipped to the University of Windsor in 20-L
plastic buckets. Upon arrival, the OSPM samples were stored at 4˚C at the Great Lakes
Institute for Environmental Research (GLIER). A subset of both FFT and OSPW were send
to McMaster Institute of Applied Radiation Services (McIARS) in Hamilton, Ontario,
Canada where they were subjected to GI at 28 kGy over 24 h in October 2012. The
gamma treatment both chemically altered the material by breaking carbon-carbon
bonds of hydrocarbons and rendered FFT and OSPW sterile.
Mesocosms were set up in the laboratory in 4” (10 cm) diameter clear plastic
tubes fixed with flat bottoms and topped with PVC caps (Chen et al. 2013). The study
design consisted of 2 source materials (P1A vs. STP) x 2 atmospheric conditions (oxic vs.
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anoxic) x 2 treatments (G- vs. G+) x 6 sample time points x n=2 replicates per treatment
(Table 2.1). G- samples contained 100% parent tailings material, while G+ samples
consisted of 90% sterile GI material and 10% biotic parent inoculum. Mesocosms were
incubated in the dark under ambient temperature (~22˚C). The oxic mesocosms were
incubated under ambient atmospheric conditions on laboratory bench tops, while the
anoxic mesocosms were contained in an oxygen-free chamber filled with N2 and mixed
gas. Oxic mesocosms represented geochemical conditions expected near the FFT-OSPW
interface, where dissolved oxygen is expected to be present; anoxic mesocosms
represented conditions below the FFT-OSPW interface, where it is expected oxygen is
absent due to O2-consuming processes (biotic and abiotic). The G- samples represented
a positive control and were used as a biogeochemical baseline for comparison to the G+
samples. The G+ samples provided insight to how the community of indigenous
microorganisms changes in the presence of increased hydrocarbon degradation and
subsequently increased carbon bioavailability as a result of GI treatment. The
mesocosms were sampled and studied over 52 weeks, starting from the week of
establishment in the laboratory, with destructive sampling after incubation weeks 2, 4,
8, 20, 32 and 52.

2.2.3 Metagenomic library preparation
When sampling, mesocosm cap water was removed with a sterile syringe and
used for subsequent research purposes in a collaboration study conducted in the same
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laboratory (Boudens et al. 2016). Sediment core samples were collected to provide
material at 3-6 cm depth below the FFT-OSPW interface for microbial processing.
Samples were either preserved at -80°C until extractions were performed or were
subjected to DNA extraction immediately.
Genomic DNA from each core was extracted in triplicate using a PowerSoil DNA
isolation kit (Mo Bio, Laboratories Inc, California), following the manufacturer’s protocol.
Two sets of primers (Table 2.2) were used for amplicon targeting (PCR1) within the 16S
rRNA region for each sample, including hypervariable regions V5/V6 to target bacteria
and A785/A921 to target archaea. Reactions were performed in 25-µL volumes
containing 1 µL of template DNA, 10 mM of both forward and reverse primers, a final
concentration of 10 mM for deoxynucleoside triphosphates (dNTPs), 2.5 mM MgCl 2, 0.3
µM DMSO, and 1 mg/mL bovine serum albumin (BSA). The thermocycling profile for
PCR1 was: initial denaturation for 5 min at 94°C followed by 25 cycles of 15 sec at 94°C,
15 sec at 48/55°C (bacteria/archaea), and 30 sec at 72°C, and a final extension of 1 min
at 72°C. The amplicon products for each sample were purified using AMPure bead
purification, following the manufacturer’s protocol. A second PCR was performed to tag
each sample (PCR2), using a unique barcode for each sample as the forward primer and a
universal reverse primer (UniB-P1) (Table 2.2). Reactions were performed in 25 µL
volumes containing 12 µL of PCR1 product, 10 mM of both forward and reverse primers,
a final concentration of 10 mM for deoxynucleoside triphosphates (dNTPs), 2.5 mM
MgCl2, 0.3 µM DMSO, and 1 mg/mL bovine serum albumin (BSA). The same
thermocycling parameters as PCR1 were utilized for PCR2 with exception of 2 min at 94°C
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for initial denaturation and 7 total cycles. PCR2 products were pooled accordingly (with
regards to gel electrophoresis band intensity for normalization). These condensed
samples were subjected to slow agarose gel electrophoresis using TAE buffer and the
desired product was obtained by band excision and purified via Qiagen Gel Extraction
kit, following the manufacturer’s instructions. The Agilent 2100 Bioanalyzer was utilized
for DNA concentration and purity determination. Samples were diluted to 25 ng/µL and
the pooled library was sequenced using the Ion Torrent Personal Genome Machine
(PGM) (Life Technologies).

2.2.4 Metagenomic sequencing analyses
Next generation sequencing reads were clustered into operational taxonomic
units (OTUs) using the UPARSE algorithm at a 97% identity threshold, with quality filters
of 100 bp length cut-off, 1.0 expected error threshold, dereplication applied, and
chimeras and singletons discarded (Edgar 2013). OTUs were generated because raw
sequencing taxonomy resulted in 50-80% unclassified organisms in all systems.
Construction of OTUs de novo based on next-generation reads grouped the sequences to
correspond to taxonomic clades based on the UPARSE pipeline (Edgar 2013), therefore
increasing the resolution of the microbial results.
Statistical analyses of OTU data were based on bacteria V5/V6 amplicons and
were generated using PAST software, including multivariate examination through
principal coordinates (PCoA). This ordination method summarizes directionality among
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the metagenomic data by simplifying the data in a way that identifies the dominant taxa
responsible for the differences among treatments. PCoAs were generated using the
Bray-Curtis distance measure (Supplementary Information – Equation S1), generated
using relative abundance data of the most abundant OTUs (>100 hits per system) within
each FFT system. Additional examinations included alpha diversity provided through
Chao1 richness and the Shannon index (PAST) (Supplementary Information – Equation
S2 and Equation S3 respectively) and relative abundances of the bacterial phyla,
Proteobacteria and Bacteroidetes classes, and select genera between G- and G+ of
corresponding systems over time (anoxic vs. oxic; FFTP1A vs. FFTSTP). Tukey’s pairwise
post-hoc tests were included for statistical confirmation of analysis of variance (ANOVA)
using PAST, while hierarchical analysis of variance (nested ANOVA) was also performed
using the R program to evaluate the statistical significance of differences between GI
treatments and changes in relative abundance over time. G plots and GG plots were the
packages run for nested ANOVA to identify significant differences between G- and G+
within the microbial communities at genus level based on the individual impacts of both
time and treatment factors.

2.2.5 Effect of GI on microbial sulfate reduction activity in OSPM
The capacity of in situ sulfate bioreduction was examined by way of a
supplementary experiment using SRB enrichments cultivated with Postgate Medium C
(Postgate 1979). Enrichments were derived from each FFT and inoculated into their
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respective OSPW of the pond from which they had been originally collected (i.e. P1A,
STP). Both untreated G- and gamma-treated (i.e. sterile) OSPW were inoculated to
indirectly determine if G+ OSPW supported greater activity of indigenous
microorganisms when compared to G- OSPW. Sulfate samples were collected from the
inoculated OSPW over 48 hours and concentrations were determined using Thermo
Scientific Orion AQ4000 spectrophotometer with Aquafast II sulfate tablets. Hydrogen
sulfide (HS-) concentrations were simultaneously measured via microelectrode sensor
(Unisense, Denmark) to confirm the compound transformation process.

2.3

Results and Discussion
Selected samples from untreated G- and gamma-treated G+ mesocosms were

represented as a function of time (in weeks). Although samples were collected several
times over the 52 week study, only four time points (beginning, middle x2, and end)
were used to show the major variations in community composition, keeping
interpretation simple and feasible. Based on the quality and quantity of reads and
chemical data available from Boudens et al. (2016), both FFTP1A and FFTSTP sample time
points were chosen at weeks 2, 8, 20, and 52. The sample selection remains consistent
throughout this thesis. The four individual systems for this study are referred as FFT P1A
anaerobic, FFTP1A aerobic, FFTSTP anaerobic, and FFTSTP aerobic. Table 2.3 summarizes
the total number of reads within each of these systems and the average number of
reads per sample of respective system. Table S1 details the reads within each sample.
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2.3.1 Biodiversity of FFT
The alpha diversity of the bacterial communities within the FFT was evaluated
using Chao1 richness and the Shannon diversity index (Table 2.4). Rarefaction on
individual bacterial samples of each system is illustrated in Supplementary Information
(Figure S1 and Figure S2).

2.3.1.1

P1A FFT: anaerobic and aerobic conditions
All untreated G- FFTP1A samples (anaerobic and aerobic systems) showed

consistently high biodiversity with a Shannon index >3.9. The number of OTUs identified
(Sobs) and the Chao1 richness estimator values suggest that the community in these
ecosystems changed with time, generally increasing in species richness. The greatest
species richness appeared at Wk 52 with Chao1 reaching 710 in the G- anaerobic and
871 in the G- aerobic systems (p<0.05 when compared to other G- aerobic values). A
similar trend was observed for Chao1 richness in the G+ samples at Wk 52 with values
611 for the G+ anaerobic and 756 for the G+ aerobic systems (p<0.05 when compared to
other G+ aerobic values). The diversity indices suggest that the re-inoculation of the
indigenous community into the gamma-treated G+ FFTP1A led to a similar community
biodiversity comparable to that of the untreated G- FFTP1A. Comparison of the overall
biodiversity (e.g. alpha diversity indices) between the untreated G- and gamma-treated
G+ communities suggest that GI treatment of the FFT P1A did not have an negative impact
of the community development. The treatment itself promoted a suitable environment
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for the successful establishment of a microbial community. These results corroborate
previous studies using ozonation of OSPW samples from an active settling basin. In this
case, microbial survival was observed after chemically altering the organic compounds
via light ozonation treatments. In that study, the authors linked the increased
biodegradability of residual NAs to the establishment of a viable native microbial
consortia (Martin et al. 2010).

2.3.1.2

STP FFT: anaerobic and aerobic conditions
FFTSTP samples (both anaerobic and aerobic systems) showed high Shannon

diversity values, exceeding 3.5 (with most >4.0) (Table 2.4). A significant difference
between G- and G+ samples was noticed at Wk 2 in both anaerobic and aerobic systems,
with G+ exhibiting lower Shannon biodiversity. The apparent lag in development of
microbial diversity may be attributed to a number of reasons. First, the initial G+
mesocosms only contained 10% biotic inoculum which could impact development rates.
This effect, however, was not observed in the FFTP1A samples. It is more likely that the
variances in community composition between the two FFT sources explains the
difference in diversity development. Boudens and colleagues (2016) observed
contrasting microbial growth behaviours in the two materials, wherein the microbial
community of FFTSTP samples developed anaerobically compared to FFTP1A samples
which grew facultatively. Shannon indices at Wk 52, however, were more diverse
(p<0.05) within the anaerobic FFTSTP gamma-treated G+ samples (4.22) compared to G-
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samples (3.58). In this case, the greater diversity of the anaerobic G+ FFTSTP samples may
reflect the presence of more bioavailable carbon produced through the GI treatment.
The untreated G- samples will have a disproportionate source of both bioavailable and
recalcitrant compounds, which would impact development in the G- samples compared
to the G+ samples. Stasik and Wendt-Potthoff (2014) showed linkages between
microbial adaption and bioavailable carbon. In their experiments, they used FFT
inoculates in the presence of BTEX and amended the matrix with more bioavailable
carbon (e.g. Na-lactate, Na-acetate, Na-benzoate), reporting reduced degradation of
BTEX compounds within OSPM when more bioavailable carbon sources were present.
In contrast, no statistically significant differences were observed between the
Shannon values for the aerobic G- FFTSTP and G+ FFTSTP samples at 52 weeks. Again, this
could be due to the microbial composition of the fresh FFTSTP comprised of an obligate
anaerobic community. This trend was not observed in the aged FFTP1A under aerobic
conditions as this system is presumed to be comprised of facultative microorganisms
based on procured cultures and physical observations over time (Boudens et al. 2016).
The question arises at what taxonomic resolution these community differences become
identifiable and how specifically the microbial community was impacted as a result of GI
treatment (i.e. stimulation/suppression of particular organisms).
The Sobs and Chao1 richness values of FFTSTP increased over the 52 weeks for both
untreated G- and gamma-treated G+ samples in both anaerobic and aerobic conditions.
At Wk 52, Chao1 richness values of the anaerobic FFTSTP system reached 401 in the Gsamples and 566 in the G+ samples, while these values of the aerobic system peaked at
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814 for the G- samples and 763 for the G+ samples. All G+ samples statistically
correlated with their G- counterparts for each sampling time point with the exception of
G+ Wk 20 in the aerobic system. This particular sample showed much lower (p<0.05)
species richness (Chao1 = 196) compared to all other samples yet a similar Shannon
index (p>0.05) to its untreated G- Wk 20 counterpart. This difference may simply be a
result of low metagenomic coverage due to uneven loading of the sample chip on the
Ion Torrent PGM or perhaps this sample was diluted in environmental DNA (eDNA) in
comparison to the other samples.

2.3.2 Multivariate analyses – principal coordinates (PCoA)
Observations of the G- microbial community profile over the 52 weeks through
principal coordinates analysis (PCoA) (Figure 2.1 and Figure 2.2) allowed for
establishment of a biological baseline and facilitated comparative interpretation of the
G+ community progression in the gamma-treated G+ mesocosms.

2.3.2.1

P1A FFT: anaerobic and aerobic conditions
FFTP1A principal coordinates analyses are depicted in Figure 2.1. PCo1 and PCo2

explain 38% and 21% variation for anaerobic FFTP1A (A), and 40% and 23% for aerobic
FFTP1A (B), representing at least 59% and 63% variation demonstrated for each system,
respectively.
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Ordination arrangement of the microbial community of anaerobic FFTP1A Gsamples over 52 weeks showed considerable variation over time, with Wk 2 and Wk 52
samples showing the largest dissimilarity (Figure 2.1A). In this case, the starting
microbial community in anaerobic FFTP1A continued to develop over one year in the
absence of GI treatment. This progression is likely a result of the consumption and
eventual depletion of hydrocarbon substrates from microbial respiration processes
(Stasik and Wendt-Potthoff 2014). Assessment of the respective FFTP1A gamma-treated
G+ community ordination arrangements, on the other hand, suggested that this
community exhibited less variability in composition over time based on smaller
sequential ordination distances in comparison to the untreated G- samples. In fact, G+
Wk 52 demonstrated less community structure dissimilarity to G+ Wk 2 than G+ Wk 20
did, suggesting that the microbial composition within the gamma-treated G+ mesocosms
eventually started to return to a profile comparable to that of the starting biotic
material. This may indicate that the community as a whole did not alter in composition
over the 52 week study, suggesting the carbon source and electron donors for metabolic
activities remained plentiful (i.e. bioavailable organics and reducing agents).
Microbes certainly influence the REDOX chemistry of their immediate
surroundings – a consequence of the fact that microorganisms rely on the transfer of
electrons to generate the energy required for metabolic processes and survival (Thullner
et al. 2007). In theory, the thermodynamic paradigm of an electrochemical ladder of
REDOX reactions may explain the vast array of microbial energy metabolism in nature
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and can be used to account for the spatial distribution of microbial activities in
subsurface environments (Bethke et al. 2011). In reality, however, these diverse
microbial assemblages exist mutualistically and maintain a complex organization of
biogeochemical heterogeneity within a system. Microbial geochemical processes can
cycle oxidized (e.g. Fe3+) and reduced (e.g. Fe2+) chemical species in very close proximity
(Weber et al. 2006; Bethke et al. 2008; Chapelle et al. 2009), while some microorganisms
are capable of oxidizing one chemical species coupled to the reduction of another (Baker
and Ban 2003). Therefore, if the carbon and electron donor pool remain plentiful, the
microbial community need not adjust for survival. Furthermore, a recent study on FFT
illustrates how biogeochemical processes facilitate the egress of pore water from OSPM
resulting in increased consolidation of tailings solids (Siddique et al. 2014). Consolidation
is an important factor in constructing and managing oil sands tailings ponds (Eckert et al.
1996).

Overall, the PCoA of aerobic FFTP1A samples (Figure 2.1B) showed minimal
dissimilarity between G- and G+ samples over their respective sampling time points.
That is to say, PCoA indicated that the microbial community displayed a similar
progression of the G- and G+ communities over time, yet both were dissimilar from the
composition of the community in their respective starting materials. The association
between the untreated G- and gamma-treated G+ microbial communities in this system
suggests that GI treatment did not considerably influence the aerobic bacterial
composition over the 52 week study. In fact, there appeared to be a common similarity
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between G- and G+ communities in the presence of oxygen. The impacts of the GI
process allowed microbes to shift in community composition in a similar manner to
microbes in the untreated G- system. Although no apparent shift in overall community
structure was observed, the oxygen flux reported was actually higher in G+ mesocosms
(i.e. clear evidence of iron oxidation) (Boudens et al. 2016). This trend, in combination
with the observed facultative nature of the community of microorganisms in these
samples, may suggest a more versatile response in terms of the utilization of
hydrocarbon substrates for metabolic purposes. In comparison, Maphosa and colleagues
(2010) reported on the versatility of particular microorganisms inhabiting environments
contaminated with halo-organic pollutants. This group identified the benefit of microbial
versatility in these types of sites for in situ remediation, reporting that certain organisms
can utilize a range of organic compounds. This versatility characteristic is beneficial
because it demonstrates the adaptability of communities when changes in their
environment occur (i.e. altered organic chemical components).

2.3.2.2

STP FFT: anaerobic and aerobic conditions
FFTSTP principal coordinates analyses are depicted in Figure 2.2. PCo1 and PCo2

explain 39% and 20% variation for anaerobic FFTSTP (A) and 49% and 12% for aerobic
FFTSTP (B), representing at least 59% and 61% variation demonstrated for each system,
respectively.
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PCoA of anaerobic FFTSTP system (Figure 2.2A) showed two noteworthy trends
between the G- and G+ microbial communities over time. Firstly, the GI treatment
immediately influenced the microbial community as each G- and G+ Wk 2 samples
ordinated opposite PCo2 quadrants (20%); and secondly, the G+ community exemplified
progression in the same direction as G- based on PCo1 (39%). In this context, temporal
shifts between the G- and G+ communities illustrated minimal dissimilarity on PCo1,
suggesting that GI treatment impacted the anaerobic microbial community of FFT STP
through PCo2 yet allowed the community to progress in the same direction as Gcommunity based on PCo1. Again, the taxonomic resolution that these community
differences become identifiable and how specifically the microbial community was
impacted as a result of GI treatment will be addressed (see 2.3.3 Microbial community
composition).

The PCoA of the aerobic FFTSTP G- and G+ samples (Figure 2.2B) illustrated
minimal dissimilarity between untreated G- and gamma-treated G+ communities over
time, and a progression of both communities toward a profile unlike that of the starting
materials. This trend suggests that FFTSTP aerobic microorganisms exhibited no apparent
response to the GI treatment, and there appeared to be a universal similarity between
G- and G+ communities in the presence of oxygen, similar to the aerobic FFTP1A system.
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2.3.3 Microbial community composition
The microbial community structure of the two FFT source materials was
described through relative abundance distributions, representing the composition
between bacterial phyla (Figure 2.3), Proteobacteria classes (Figure 2.4), and
Bacteroidetes classes (Figure 2.5) generated from relative abundance data of the most
abundant OTUs (>100 hits per system) within each FFT system. Tukey’s pairwise posthoc tests were used to test significance of differences between untreated G- and
gamma-treated G+ samples for specific time points when ANOVA determined that there
was significant overall variation among treatments (Supplementary Information Figure
S3-S15).

2.3.3.1

P1A FFT: anaerobic and aerobic conditions
The relative abundance of bacterial phyla within anaerobic FFTP1A (both G- and

G+) was dominated by Proteobacteria (73-86%) with additional yet minimal contribution
from Bacteroidetes (2-9%) and Firmicutes (6-10%) in all samples (Figure 2.3). These
results agree with previous studies that also illustrate the dominance of these phyla not
only in FFT (Penner and Foght 2010; Harner et al. 2011; Yergeau et al. 2012; Tan et al.
2013) but also lacustrine and marine sediments, boreal aquifers and soils (Bernardet and
Nakagawa 2006; Pommier et al. 2007; Thomas et al. 2011; Shirokova and Ferris 2013;
Tian et al. 2014). The most significant difference between untreated G- and gammatreated G+ samples in this system was the greater proportion of Bacteroidetes and
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consequently reduced proportion of Proteobacteria in the G+ samples. Bacteroidetes
are key biodegraders of organic compounds (Kaplan and Kitts 2004; Bernardet and
Bowman 2006; Thomas et al. 2011), so their increased prevalence in the G+ samples is
noteworthy. In fact, the GI process appeared to have stimulated this group at all sample
time points (2-4% increase; p<0.05). The larger relative abundance of Bacteroidetes
observed in all G+ samples compared to their G- counterparts, along with the
physiological activities of this group, may implicate their involvement in petroleum
hydrocarbon biodegradation and geochemical mechanisms occurring within FFT.
The Proteobacteria assemblages developing in anaerobic FFTP1A G- and G+
samples were similar in composition over time (Figure 2.4). The relative occurrence of
Deltaproteobacteria showed no significant differences between G- and G+ samples.
Gammaproteobacteria, on the other hand, became significantly more represented
(p<0.05) in gamma-treated G+ (27%) compared to G- (8%) at Wk 52. The increase in
Gammaproteobacteria relative abundance could suggest the presence of syntrophic
bacteria and increased methylotrophic potential in the gamma-treated G+ system by the
end of the 52 week study (Chistoserdova et al. 2009). There was a significantly smaller
fraction of Alpha- and Betaproteobacteria within the gamma-treated G+ samples
compared to untreated G- samples throughout the study. This detail, however, may
simply be a consequence from the large relative abundance increase of
Gammaproteobacteria.
Only three classes within the phylum Bacteroidetes were found in all samples
regardless of treatment - Sphingobacteria, Flavobacteria, and Bacteroidia (Figure 2.5). Of
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the three, Flavobacteria was the most influential class for the anaerobic FFT P1A system.
The Flavobacteria were consistently higher in relative abundance within the gammatreated G+ samples (p<0.05). In contrast, relative abundances of both Sphingobacteria
and Bacteroidia groups were similar between G- and G+ through the study. Several
studies have recognized that microorganisms attributed to the genus Flavobacterium
(belonging to the Flavobacteria class) are both abundant during accelerated rates of
hydrocarbon degradation and capable of metabolizing a range of compounds (e.g.
benzene, hexane, naphthalene and xylene) (Kaplan and Kitts 2004; Hemalatha 2011;
Kappell et al. 2014). Therefore, greater prevalence of Flavobacteria in GI-treated
materials suggests that these organisms benefitted from the greater amount of
bioavailable carbon within the system, allowing their biodegradation capabilities to be
expressed and further promoting degradation of hydrocarbons.

The bacterial phyla in the aerobic FFTP1A system (Figure 2.3) were consistently
dominated by Proteobacteria (77-87%) among all G- and G+ samples with small
contributions from Bacteroidetes (1-14%) and Firmicutes (2-6%). At this level of
resolution, the most significant difference between untreated G- and gamma-treated G+
samples throughout the study was observed at Wk 52 when Bacteroidetes showed an
increase (14% G+ vs. 1% G-) while Proteobacteria decreased (77% G+ vs. 86% G-). These
results are similar to the anaerobic FFTP1A system as they imply that the GI process
stimulated the Bacteroidetes by the end of the study. This suggests that this group of
organisms are key microbes in hydrocarbon biodegradation within aged OSPM.
46

Relative abundances of Proteobacteria phyla for the aerobic FFTP1A (Figure 2.4)
were similar between G- and G+ treatments over 52 weeks. One significant difference,
however, was the higher abundance of Deltaproteobacteria in the G+ Wk 20 sample
(20%) compared to G- Wk 20 sample (15%). Within the Deltaproteobacteria, several
genera are capable of both sulfate reduction and iron oxidation (Postgate 1979; Lovely
1991). Isolated occurrences of sulfide precipitates were observed in the experimental
mesocosms during the initial incubation period (i.e. up to 20 weeks) within these aerobic
FFTP1A G+ treatments (SI: Figure S16A) (Boudens et al. 2016). Such isolated sulfidic
pockets were also observed in the FFT microcosm work by Chi Fru et al. (2013). As the
aerobic mesocosm experiment progressed (e.g. 20 to 52 weeks), visible iron oxidation
developed within the isolated black iron-sulfide zones, eventually diminishing the
detectable black pockets (SI: Figure S16B).
Another significant difference between G- and G+ samples in this aerobic FFTP1A
system was found early at Wk 2. In the gamma-treated G+ Wk 2 sample,
Gammaproteobacteria was significantly higher in relative abundance (43.0%) than the
untreated G- Wk 2 sample (31.2%) at the expense of Betaproteobacteria. Comparable to
the anaerobic FFTP1A system, this stimulation of Gammaproteobacteria may suggest
increased methylotrophic potential of the system. The relative abundance of
Gammaproteobacteria in the G+ samples, however, was quickly reduced to statistically
correlate that of the untreated G- samples, alluding that no further stimulation of the
Gammaproteobacteria resulted from the GI treatment within this aerobic FFT P1A system,
therefore leading to no long-term variations.
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The relative distribution of classes within the Bacteroidetes phylum of the
aerobic FFTP1A system (Figure 2.5) proved to differ from the trends observed in
anaerobic FFTP1A system. Here, the most significant impact as a result of GI treatment
was the large increase in Sphingobacteria presence by the end of the study (13.4% G+ vs.
0.2% G- at Wk 52). Recent studies have reported Sphingobacteria a common aromaticpollutant degrading group of bacteria, specifically dibenzofuran and diphenyl ether.
While studying potential biodegradation of trichlorohydroxydiphenyl ether (aka triclosan
(TCS); a broad-spectrum synthetic antimicrobial agent used widely in pharmaceuticals),
Kim et al. (2011) revealed high biodegradation involvement of the Sphingobacteria sp.
PH-07 strain. Likewise, Zhao and colleagues (2015) reviewed the biodegradation
potential of TCS within constructed wetlands (CWs) and observed a large increase of
Sphingobacteria presence linked with the CWs that demonstrated high TCS degradation.
The findings of these previous studies suggest that this class of Bacteroidetes holds
strong potential for aromatic pollutant degradation within environmental systems. The
large increase of this group as a result of GI treatment gives an indication that their
metabolic processes benefited from the more bioavailable carbon, and perhaps led
them to further biodegradation pathways with respect to bioavailable aromatic
compounds.

2.3.3.2

STP FFT: anaerobic and aerobic conditions
Proteobacteria was the dominant bacterial phyla found in the anaerobic FFT STP

system for both G- and G+ samples throughout the 52 weeks with 60-87% relative
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abundance (Figure 2.3). Bacteroidetes comprised 2-26% of the microbial community
while Firmicutes contributed 3-6% among all samples of the system. Composition in the
G+ samples was statistically similar to their G- counterparts throughout the 52 weeks
with the only exception of reduced Proteobacteria fraction at Wk 52. Bacteroidetes
illustrated consistently higher proportions in G+ samples compared to G- over time, yet
this was not significant (p>0.05). This suggested that although GI treatment putatively
degraded hydrocarbons and presumably created more bioavailable substrates for
microbes, as reported by Boudens et al. (2016), the fresh FFTSTP material was already
saturated with bioavailable carbon suitable for microbial activities. Therefore, the
change in organic chemistry resulting from the GI process was not evident when
examining the community profile at this resolution of phylum taxa composition.
Within the Proteobacteria community (Figure 2.4), the anaerobic FFTSTP system
showed both G- and G+ samples were very comparable in composition (p>0.05) with
respect to Alpha- and Deltaproteobacteria. Beta- and Gammaproteobacteria, on the
other hand, showed some statistical variation between G- and G+ samples, yet
inconsistent trends (SI: Figure S11). In other words, both G- and G+ samples fluctuated
between having higher relative abundance of either Proteobacteria class over time,
therefore making it difficult to draw confident conclusions at this particular resolution.
This inconsistency may be the result of a relatively young microbial community which
was still establishing itself within the FFTSTP system, as suggested by Boudens and
colleagues (2016).
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Looking into the Bacteroidetes composition of the anaerobic FFTSTP system
(Figure 2.5), the only statistically significant difference between G- and G+ samples over
time was the dramatic increase of Sphingobacteria at week 2 in the gamma-treated G+
samples (16.3% G+ vs. 1.7% G-). Although the fraction of this class in the G+ system was
reduced by week 8 to match that of the G- Wk 8 sample (and continued to resemble the
untreated G- system for the remainder of the study), the large relative abundance of this
class at the beginning of incubation suggests it was an immediate outcome of the
microbial response to GI treatment. The stimulation of this group of bacteria suggests
increased potential of aromatic hydrocarbon biodegradation as a result of GI treatment
(Kim et al. 2011; Zhao et al. 2015).

The bacterial composition of both G- and G+ samples within the aerobic FFTSTP
system (Figure 2.3) resembled comparable trends to all other systems in that
Proteobacteria was the dominant phylum throughout the study with >64% relative
abundance. Additional influences were contributed from Bacteroidetes (3-25%) and
Firmicutes (2-8%) for both G- and G+ samples. At the bacterial phyla level, untreated Gand gamma-treated G+ samples closely resembled one another through the study. The
only significant difference appeared at week 2 where Bacteroidetes showed increased
relative abundance in gamma-treated G+ samples (24.7%) in comparison to untreated Gsamples (11.4%) at the expense of Proteobacteria. These results are similar to the FFTP1A
systems, implying that the GI process stimulated the Bacteroidetes and adds supporting
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evidence that this group of organisms are key microbes in hydrocarbon biodegradation
within aged and freshly processed OSPM.
There were no significant differences between G- and G+ samples within the
Proteobacteria classes over time for the aerobic FFTSTP system (Figure 2.4). Within the
Bacteroidetes phylum, Sphingobacteria were significantly more represented in G+
samples at the beginning (16.9% Wk 2 and 7.4% Wk 8) when compared to G- samples
(1.4% Wk 2 and 1.5% Wk 8) (Figure 2.5). Intriguingly though, Sphingobacteria was
actually larger in relative abundance in the untreated G- sample (10.5%) by the end of
the study (i.e. Wk 52) compared to G+ samples (4.5%). This observation is interesting as
it may demonstrate a delay in microbial development of the G- system in comparison to
G+ system. This could mean GI treatment in fact accelerated the microbial development
of the treated system, eventually leading to a biological equilibrium quicker than
untreated OSPM. This idea, however, has yet to be proven.

2.3.4 Influence of GI treatment on microbial community dynamics
Nested ANOVA revealed the top ten most abundant OTUs within each system
and illustrated the degree of significance for each as a function of both time and GI
treatment (SI: Table S2). This information was generated to provide an overview of the
dominant microbiology within each of the four systems. Previous studies which focused
on the microbial community within oil sands FFT as enrichments (An et al. 2013;
Berdugo-Clavijo and Gieg 2014) or biofilms (Golby et al. 2012) support the findings of
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the most abundant organisms detected within the FFT P1A and FFTSTP mesocosms of this
study. In addition to the most abundant OTUs, a more valuable table was generated to
reveal the most relevant genera within each system and explain the impact of GI
treatment on these organisms over the 52 week study (Table 2.5). Figures 2.6-2.9
illustrate the stimulation of these effected organisms for each system as a function of GI
treatment over time. Tukey’s pairwise post-hoc tests were the means for evaluating
statistical differences between untreated G- and gamma-treated G+ samples over time,
and can be found in Supplementary Information (SI: Figure S17-S20).

2.3.4.1

P1A FFT: anaerobic and aerobic microbial development
Of particular interest, all top ten most abundant OTUs for the anaerobic FFT P1A

samples (SI: Table S2) were represented by genera belonging to the Proteobacteria
phylum. Table 2.5 revealed four particular genera which are of interest with regards to
their stimulation as a result of GI treatment, and Figure 2.6 illustrates their change in
relative abundance over time.
Within the Gammaproteobacteria of this phylum, both Enterobacter (Figure
2.6A) and Pseudomonas (Figure 2.6B) genera showed a higher relative abundance over
the course of the study as a function of GI treatment, especially significant by Wk 52
(p<0.05). Both of these genera are known hydrocarbon degraders. Enterobacter cloacae,
for example, has been shown to fully degrade (polycyclic) aromatic hydrocarbons (PAHs)
as well as up to 70% of total petroleum hydrocarbons (Ahmed et al. 2014), while
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Khorasani and colleagues (2013) illustrated a greater potential of these microbes to
biodegrade smaller, lighter hydrocarbons associated with crude oil. The increased
abundance of Enterobacter in this case could be attributed to the production of
bioavailable carbon resulting from the GI treatment. The increased abundance of
Pseudomonas in the G+ treatment also has some significance. Pseudomonas spp. have
been commonly associated with petroleum hydrocarbon biodegradation (i.e. phenolic
and benzoic compounds) (Kaplan and Kitts 2004; Razika 2010; Mahiudddin et al. 2012),
linked to crude oil spills (Kostka et al. 2011) and reported to have strong PAH and NA
degradation capabilities (Johnson et al. 2011; Ma et al. 2012). Additionally, P. mendocina
has been reported to contain genes that specifically target the oxidation of methylamine
compounds (Chistoserdova et al. 2009), possibly suggesting these organisms may be
involved in methylotrophic activities within FFT. The ionization effect (e.g. gamma
irradiation, ozonation, UV radiation) on hydrocarbon chemistry results in the
fragmentation of complex hydrocarbon assemblages (McMartin et al. 2004; Scott et al.
2008; Martin et al. 2010; Boudens et al. 2016). The stimulation of these particular
organisms in this case (i.e. Enterobacter, Pseudomonas) suggests that the gamma
ionization process effectively produced more bioavailable carbon from the former
recalcitrant carbon pool allowing for the proliferation of naturally occurring petroleum
hydrocarbon degraders. This can lead to the additional breakdown of recalcitrant or
biologically persistent hydrocarbons (e.g. NA, PAHs, BTEX) in these types of systems and
aid in the reduction of their toxicity.
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Within the Deltaproteobacteria class, two important syntrophic genera were
identified and showed an increase temporally within anaerobic FFTP1A G+ samples. For
example, Smithella was stimulated by the GI process at Wk 52 (8.0% G+ vs. 2.6% G-)
(Figure 2.6C). Although not included in the nested ANOVA results (SI: Table S2) as one of
the most abundant OTUs of the system, Syntrophus was also noted as a genus of
significance since it showed a dramatic stimulation within the gamma-treated G+
samples (Figure 2.6D). This organism increased in relative abundance by Wk 20 (4.5% G+
vs. 2.1% G-) and Wk 52 (4.5% G+ vs. 0.7% G-) as a result of GI treatment. The
identification of these two organisms are important since they are known to exhibit
syntrophic relationships with methanogens (i.e. Methanospirillum) and are capable of
metabolizing simple carbon compounds, such as methane. Both have been identified in
multiple hydrocarbon-impacted environments and are prevalent in n-alkane or crude oildegrading cultures, implicating them as key players in syntrophic hydrocarbon
metabolism (Liu et al. 1999; Gieg et al. 2014; Tan et al. 2014). Correspondingly, Boudens
et al. (2016) observed no headspace methane gas (CH4) in the anoxic G+ FFTP1A
treatments after 4 weeks of the study, suggesting that perhaps methane was actively
being metabolized before it could be released above the sediment surface. In other
words, the report by Boudens and colleagues does not necessarily indicate that methane
production was suppressed in the system as a result of GI treatment, but rather
methylotrophic organisms were likely stimulated to counter the release of methane
from the mesocosms.
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In contrast, the aerobic G+ FFTP1A experiments stimulated three principle
organisms of interest throughout the study. These organisms included Geobacter,
Diaphorobacter, and Ferruginibacter (Table 2.5 and Figure 2.7). Of note was the
identification of the genus Geobacter (Figure 2.7A) in the first 20 weeks. Geobacter
belongs to the Deltaproteobacteria class and comprises species capable of sulfur and
metal reduction and are obligate anaerobes. During the start of the experiment, isolated
pockets of sulfides were observed which later underwent complete oxidation as oxygen
diffused into the FFT material (SI: Figure S16). In fact, this particular system revealed a
rise of iron oxidation (e.g. ferrous to ferric iron) as the study progressed (Boudens et al.
2016). It is likely that within these isolated sulfidic pockets Geobacter continued to
metabolize both Fe3+ and sulfate as terminal electron acceptors during early stages of
the experiment and were later suppressed with the downward diffusion of oxygen in the
atmospheric samples (Kersters et al. 2006).
Interestingly, at least one report described nitrate-dependant ferrous iron
oxidation by G. metallireducens (Finneran et al. 2002). Additionally, Diaphorobacter sp.
strain TPSY (aka Acidovorax ebreus strain TPSY) was the first anaerobic nitratedependent Fe(II) oxidizing bacterium for which there is a complete genome sequence
(Byrne-Bailey et al. 2010). As illustrated in Figure 2.7B, Diaphorobacter also showed
increased relative abundance within the G+ samples at Wk 20. This particular strain has
been reported as facultatively anaerobic, utilizing Fe(II) as the electron donor and nitrate
as the electron acceptor and an organic carbon source for growth (Taft 2009). This
information suggests that these iron-oxidizing organisms could be responsible for the
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ochre iron-oxide front that took over these particular mesocosms as incubation
progressed, eventually diminishing the sulfide-reduced pockets.
The genus Diaphorobacter is also recognized as a group of bacteria that are well
characterized for their PAH degrading abilities, specifically simple organic compounds
and pyrene (Khan and Hiraishi 2002; Klankeo et al. 2009). This genus appeared in higher
relative abundance within G+ samples of the aerobic FFTP1A system (9.3% G+ vs. 4.3% G-)
at Wk 20. The GI treatment provided less complex carbon pools for these organisms to
metabolize, which could be a contributing factor for the stimulation of this genus
throughout the study.
Nested ANOVA and Tukey’s pairwise post-hoc test showed an increase in
Ferruginibacter at week 52 within the aerobic FFTP1A system. This genus was not present
at week 52 in the untreated G- samples, whereas in the gamma-treated G+ sample it
accounted for 13.0% by the end of the study (Figure 2.7C). This genus is a positive bioindicator for wetland environments. Ferruginibacter spp. are commonly associated with
freshwater sediments and often represented in wetland environments (Wang et al.
2012). Their presence in the G+ treatments is an encouraging indicator for improvement
and establishment of constructed sustainable wetlands (Quagraine et al. 2005;
Hersikorn et al. 2010). The increased presence of Ferruginibacter suggests the microbial
component of gamma-treated G+ aerobic FFTP1A holds high potential for this direction of
reclamation.
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2.3.4.2

STP FFT: anaerobic and aerobic microbial development
Within the anaerobic FFTSTP system, three specific genera were determined as

being relevant in terms of microbial impact as a function of GI treatment. Table 2.5 and
Figure 2.8A showed an increase in abundance of Desulfuromonas within the G+ samples
by the end of the 52 week study (5.0% G+ vs. 1.8% G-). Desulfuromonas was first
described with the metabolism to reduce sulfur in anaerobic environments (Pfennig and
Biebl 1976). However, later it was discovered in carbon-contaminated sediments with
the ability to perform dissimilatory Fe(III) reduction coupled with the oxidation of
organic contaminants (Lovley 2002). In fact, D. acetoxidans served as a model organism
for research of microbial fuel cells because of its potential to oxidize organic compounds
while reducing Fe(III), a reaction that produces electricity (Lovley 2006). The stimulation
of this genus suggests increased potential for biodegradation of organic contaminants.
Moreover, this increased abundance of Desulfuromonas directly correlates with the
buildup of hydrogen sulfide that was observed within this system, further supporting the
idea that GI stimulated this particular SRB (Boudens et al. 2016).
Pseudomonas also increased in abundance in the GI treatment at both 8 and 20
weeks for the anaerobic FFTSTP system (Figure 2.8B). As previously described, this group
of bacteria are responsible for a wide range of degradation capabilities, especially linked
to petroleum compounds within sediments. Their increased abundance within the G+
samples indirectly suggests that the GI process stimulated these organisms and potential
biodegradation.
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The genus Pontibacter also showed increased abundance in the G+ samples at
the beginning of the study (Wk 2) within the anaerobic FFTSTP system (Figure 2.8C). This
genus has been isolated from a range of diverse environments including desert soil
(Zhang et al. 2008; Xu et al. 2014) and carbon-contaminated soils (e.g.
hexachlorocyclohexane) (Singh et al. 2014). Joshi et al. (2012) suggested that
Pontibacter are also capable of metal reduction and reported a coupled gene coded with
iron and simple short chain carbon metabolism, which could suggest potential for
methylotrophic activity.

The aerobic FFTSTP system showed a stimulation of two relevant genera as a
function of GI treatment throughout the study; again, Pseudomonas and Pontibacter
demonstrated increased relative abundance in G+ samples (Figure 2.9). Specifically,
Pseudomonas was significantly stimulated at Wk 20 (6.4% G+ vs. 1.2% G-), while
Pontibacter showed early stimulation at Wk 2. By the end of the 52 weeks, however,
both G- and G+ samples for both these genera of this system showed no significant
differences. This may be due to the fact that the microbial community of FFT STP is
comprised primarily of obligate anaerobes. Therefore the aerobic FFT STP system is stated
to have shown no stimulatory effect as a result of the GI treatment, as interpreted from
the PCoA of this system (Figure 2.2B).
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2.3.5 Comparative assessment of microbes and GI response between P1A and STP
The aged FFTP1A and the fresh FFTSTP microbial assemblages appeared to show
significant differences with the gamma-treated G+ samples over time (Table 2.6). In
general, the Bacteroidetes phylum was stimulated for both FFT material as a result of GI
treatment (see section 2.3.3 Microbial community composition and Figure 2.3). This
phylum is noted for its remedial importance with organisms connected to degradation
capabilities of complex organic compounds and hence possesses potential for
biotechnological applications. Within the Bacteroidetes, the Ferruginibacter genus was
highly stimulated as a result of GI treatment within the aerobic FFT P1A system, which
could represent an important bio-indicator for healthy wetland establishment and
increased potential for reclamation toward a constructed wetland.
Gammaproteobacteria was stimulated as a result of GI treatment irrespective of
tailings material but was more dependent on the anaerobic conditions, with
Enterobacter and Pseudomonas spp. demonstrating higher relative abundance within
the G+ samples. There are several species associated under these genera, yet these
groups of microorganisms hold high potential for degradation of complex hydrocarbons
characteristic of petroleum (Kaplan and Kitts 2004; Razika 2010; Mahiudddin et al. 2012;
Khorasani et al. 2013; Ahmed et al. 2014). The significant increase in their relative
abundance within gamma-treated G+ samples suggests that GI treatment may have
putatively degraded hydrocarbons of the system and presumably created more
bioavailable carbon for microbes to degrade even further.
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In contrast, the effects of GI treatment on the Deltaproteobacteria community
showed distinct differences between both P1A and STP under anaerobic conditions. In
anaerobic FFTP1A samples, the methylotrophic genera Smithella and Syntrophus were
notably higher in proportion as a function of treatment. Because these organisms are
known to exhibit syntrophic relationships with methanogens, their presence implies a
direct stimulus to a syntrophic hydrocarbon metabolism after GI treatment. However, in
FFTSTP the dominant Deltaproteobacteria genus stimulated by GI treatment was
represented by Desulfuromonas. This observation provides some context since, unlike
some SRBs, it does not specifically target sulfate. This group of SRB convert elemental
sulfur into sulfide through a series of complex reduction process following a flow of
various reducing equivalents from electron donors which are linked to respiratory
energy conservation which benefit from a range of electron carriers (Rabus et al. 2004).
Their presence in this system (i.e. anaerobic FFTSTP) may be linked to the generation of
sulfur products during recent bitumen extraction; this would however require further
validation. The aerobic FFTP1A material, on the other hand, showed higher abundances of
Geobacter initially among the Deltaproteobacteria as a result of GI treatment. This genus
is recognized for sulfur and iron cycling and for their various bioremediation applications
(Barlett et al. 2012).
Although overall the chemical similarities from P1A and STP may be shared, the
communities operating in these ponds were selectively different and in some cases
showed a direct stimulus to the GI treatment. For example, the anaerobic environment
of both ponds shared a stimulus response of metabolic processes governed by
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chemoorganotrophic bacteria, while the aerobic environments for P1A was influenced in
part by chemolithotrophic bacteria capable of actively metabolizing iron and sulfur.

2.3.5.1

Sulfur activity based on pond type
Enrichment experiments focusing on sulfur metabolizers from the two FFT

materials were chosen to document the efficacy of GI treatments on metabolic activity
(Table 2.7). The highest rate of sulfate reduction (SRR) (1068 nmol∙mL -1day-1) was
observed in the OSPMP1A G+ samples. This rate was double that observed in OSPMP1A G(468 nmol∙mL-1day-1) and all samples from OSPMSTP. SRRs observed for OSPMSTP,
however, were comparable between G- (691 nmol∙mL-1day-1) and G+ (554 nmol∙mL-1day1).

Based on this, it could be that GI treatment resulted in increased bioavailability of

carbon sources for microorganism metabolic processes, resulting in the stimulated
microbial activity observed in the P1A experiments (Boudens et al. 2016). However this
does not explain the discrepancy between the observed SRR activity of the two
respective OSPM materials represented by P1A and STP. It is possible that the
dissimilarity in this case may be based on differences observed in the microbial
compliment identified in the metagenomics analyses (SI: Figure S21). The increased rate
of sulfur reduction in the gamma-treated P1A samples may be representative of a group
of organisms that can actively utilize sulfate as a terminal electron acceptor. This
contrasts the case of gamma-treated FFTSTP mesocosms which showed the direct
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stimulus of Desulfuromonas (Figure 2.8A) which is incapable of facilitating direct sulfate
reduction and relies on a complex hierarchy of electron transfer pathways.
Compared to other SRRs involving OSPM (i.e. Stasik et al. 2014; Stasik and
Wendt-Potthoff 2014), rates in this study are elevated. However, it should be noted that
those previous studies were based on FFT collected from active Syncrude tailings ponds
representing different chemical constraints and were not gamma-treated.
Apart from the physicochemical differences between aged OSPMP1A and fresh
OSPMSTP, it should be noted that each inoculum used was representative of its
respective FFT (Table 2.4, Table 2.5, Figure 2.3, Figure 2.4, Figure 2.5, and Figure S21). A
taxonomic survey was used to determine the dominant microbial composition in the
enrichments used for determining the SRB activities. Analysis of the microbial structure
of both P1A and STP SRB enrichments illustrated that the community composition was
significantly different from one another. There were four shared genera including
Rhodococcus, Citrobacter, Pseudomonas and Enterobacter between each enrichment
culture. Rhodococcus showed the most relative abundance (50% P1A; 40% STP) in the
enrichments. Interestingly, this genus is known for its inclusion of dibenzothiophene
(DBT)-desulfurizing bacteria that are capable of removing sulfur from various organic
compounds. Warhurst and Fewson (1994) detailed this genus as a promising group for
its biodegradation of compounds that are not easily broken down by other known
organisms, such as pseudomonads. Since, Rhodococcus has been reported to metabolize
a wide range of organohalide compounds, including aliphatic and aromatic
hydrocarbons (Martínková et al. 2009), and has even been described with the ability to
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biodegrade recalcitrant compounds (Larkin et al. 2005). Citrobacter was the second
most common genus for both the P1A (28%) and STP (31%) SRB enrichments. The ability
of Citrobacter for sulfate reduction has been reported (Barton 1995; Sahrani et al. 2008;
Qiu et al. 2009). Zhou and colleagues (2015) recently reported the enhanced sulfate
reduction by a Citrobacter strain in the presence of iron containing nanoparticles and
suggested this genus should be investigated further to understand its potential as an
active sulfate reducer in anaerobic conditions for the purpose of bioremediation
methods. Both pond SRB enrichments were composed of Pseudomonas (7% P1A; 13%
STP) and Enterobacter (4% P1A, 1% STP) with different distributions. Both of these
genera are known to be active in hydrocarbon degradation and have been linked to
various metal-contaminated environments under sulfate reducing conditions (Fude et al.
1994; Chang and Kim 2007). Unfortunately due to limitations of the UPARSE algorithm
sample confidence (Edgar 2013) we were not able to identify species specific
characteristics under the genera identified which would aid in identifying key microbes
responsible for the enhanced SRR in the respective FFT samples. The fact that
Desulfuromonas was not detected in the STP enrichments is likely not a surprise since
this organism relies on sulfur-containing intermediates and will not directly reduce
sulfate.
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The results and subsequent discussions presented in this chapter shows that GI
treatment of oil sands FFT, regardless of processing history (e.g. storage age), resulted in
a positive shift in the microbial community development with time. The potential for this
is great since the treatment directly facilitated a positive response from known
hydrocarbon and metal metabolizing bacteria despite pond age and history and has shed
light on the stimulus of these microorganisms under oxygen rich and deficient
conditions. This information will be useful in the prediction and outcomes of this
technology and the improvement of planned reclamation targets.
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Table 2.1: Experimental design of mesocosm setup representing aged OSPMP1A and fresh
OSPMSTP material. The table summarizes environmental condition (oxic vs anoxic) and untreated
FFT (G-) and gamma irradiated FFT (G+) with duplicates of each (n=2). Two mesocosms of each
treatment were destructively sampled at each sample time point of 2, 4, 8, 20, 32 and 52 weeks
after establishment.

P1A (aged)
ANAEROBIC
AEROBIC
GGG+
G+

STP (fresh)
ANAEROBIC
AEROBIC
GGG+
G+

Table 2.2: Primer sets for Next Generation sequencing. PCR1, polymerase chain reaction for 16S
ribosomal RNA (rRNA) amplicon targeting (bacteria or archaea); PCR2, for individual barcoding of
samples; hypervariable regions V5/V6 were targeted for bacterial amplicons; archaeal amplicon
targeted 785/921 basepair region of 16S; UniB-P1, universal reverse primer for barcoding PCR.
Stage
PCR1

Primer Set
UniA+V5F
Bacterial 16S
V5/V6
UniB+V6R
Archaeal 16S UniA+785F
A785/A921
UniB+921R

Sequence (5’-3’)
acctgcctgccgATTAGATACCCNGGTAG
acgccaccgagcCGACAGCCATGCANCACCT
acctgcctgccgGGATTAGATACCCSGG
acgccaccgagcCCCGCCAATTCCTTTAAGTTTC

P1+UniB

CCTCTCTATGGGCAGTCGGTGATacgccaccgagc
CCATCTCATCCCTGCGTGTCTCCGACTCAGXXXXXXXGAT
acctgcctgccg

PCR2
Barcode+UniA

Table 2.3: Total number of reads for all OTUs of all replicates for sample week 2, 8, 20 and 52
within each system (i.e. P1A and STP; oxic and anoxic), and the average number of reads per
replicate for each respective system.

Anaerobic
P1A
STP
TOTAL
Reads

Aerobic

Total
Average
Total
Average
Reads Read/Sample Reads Read/Sample
445,105
18,111
598,141
23,101
436,939

17,479

956,093

35,421

2,436,278
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Table 2.4: Microbial diversity indices for Bacteria within FFT, representing temporal comparison
between natural, untreated FFT (G-) and gamma irradiated FFT (G+) in both the presence and
absence of atmospheric oxygen environments. Indices generated using OTU data using PAST
software.

Anaerobic

P
1
A

S
T
P

Wk Sobs* Chao1 Shannon
2
500
598
4.01
8
409
528
4.22
G- 20 485
643
4.52
52
611
710
4.19
2
314
390
3.82
8
426
506
4.26
G+ 20 352
496
4.41
52
538
611
4.42
2
232
319
4.24
8
497
580
4.18
G- 20 555
659
4.07
52
317
401
3.58
2
253
325
3.78
8
272
356
4.15
G+ 20 522
617
4.19
52
489
566
4.22
*Sobs, number of OTUs identified

Aerobic
Sobs*
434
357
369
739
363
275
331
656
516
564
460
720
470
593
152
665

Chao1
532
469
535
871
448
358
448
756
636
670
575
814
565
691
196
763

Shannon
4.06
4.12
4.02
3.90
3.80
4.35
3.91
3.78
4.24
4.34
4.22
3.78
3.96
4.37
4.20
3.65
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Table 2.5: Relevant genera illustrating significant stimulation and the maximum relative
abundance increase of G+ compared to G- samples (Max Δ %) as a result of GI treatment.
Proposed ecological function of each organism is also provided.

Anaerobic
Enterobacter

Max
Δ%
14.8

Ecological
Function
Hydrocarbon
degradation

Pseudomonas

3.7

Syntrophus

3.8

Smithella

5.4

Pseudomonas

12.0

Pontibacter

15.5

Desulfuromonas

3.2

Hydrocarbon
degradation
Methylotrophic
activity
Methylotrophic
activity
Hydrocarbon
degradation
Metal
reduction;
methylotrophic
activity
Hydrocarbon
degradation;
Fe(III)
reduction

Genus

P
1
A

S
T
P

Aerobic
Geobacter

Max
Δ%
10.6

Diaphorobacter

5.0

Ferruginibacter

13.0

Pseudomonas

5.2

Pontibacter

15.4

Genus

Ecological
Function
SO4 & metal
reduction;
Fe(II) oxidation
Hydrocarbon
degradation
Reclamation
potential

Hydrocarbon
degradation
Metal
reduction;
methylotrophic
activity
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Table 2.6: Comparative assessment summary of P1A and STP FFT bacterial phylum and class
assemblages and their biological response to GI treatment. ↑ denotes significant increase in
relative abundance (i.e. stimulation); ↓ denotes significant decrease in relative abundance (i.e.
suppression); − denotes no significant effect on taxa as a result of GI treatment.

Taxa
Bacteroidetes

Sphingobacteria

Flavobacteria

Proteobacteria

Betaproteobacteria

P1A Significance STP Significance

↑
↑
↑
↓
↓

Deltaproteobacteria

↑
Gammaproteobacteria

↑

increased
bioremediation
potential
increased
bioremediation
potential
increased
hydrocarbon
biodegradation
result of
increased
Bacteroidetes
result of
increased
Gamma
increased SO42reduction, iron
cycling,
hydrocarbon
biodegradation
increased
hydrocarbon
biodegradation,
methylotrophic
potential

↑
↑
−
↓
−
−
−

increased
bioremediation
potential
increased
bioremediation
potential
no microbial
impact from GI
result of
increased
Bacteroidetes
no microbial
impact from GI
no microbial
impact from GI

no microbial
impact from GI
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Table 2.7: Sulfate reduction rates (SRRs) for OSPM from this study compared to other tailings as
well as natural and passive treatment systems.
SRR
(nmol mL-1day-1)

468 ±27
1068 ±23
691 ±20
554 ±25

System

Study

OSPW
(P1A G-)
OSPW
(P1A G+)
OSPW
(STP G-)
OSPW
(STP G+)

Tailings pond
reclamation
Tailings pond
reclamation
Tailings pond
reclamation
Tailings pond
reclamation
Carbon source
degradation
End pit lake
reclamation
Suppression of
CH4 production
Determination of
in situ rate
Describe
anaerobic SO42bioreduction
Passive AMD
treatment

52 ±3

FFT

0-10
10-90

OSPW
FFT

54 ±4

Wetland

50-110
1499-1748
260 ±63

Marine
sediment core
Continuous
bioreactor (SRB
growth media)
Mussel shell
bioreactor

Microbial
Community
P1A FFT SRB
enrichment
P1A FFT SRB
enrichment
STP FFT SRB
enrichment
STP FFT SRB
enrichment
FFT culture
FFT culture
Natural system
Natural system
Mixed anaerobe
culture/SRB
enrichment
Field scale; SRB
enrichment

Reference
This study
This study
This study
This study
(Stasik & WendtPotthoff 2014)
(Stasik et al.
2014)
(Roden & Wetzel
1996)
(Christensen
1984)
(Moosa et al.
2002)
Diloreto et al.
(submitted)
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P1A

PCo2 (21%)

Anaerobic

(A)

PCo1 (38%)

PCo2 (23%)

Aerobic

(B)

PCo1 (40%)

Figure 2.1: Principal coordinates analysis (PCoA) for FFTP1A using Bray-Curtis similarity index with
transformation exponent C=2. Ordination of the metagenome was produced using OTU relative
abundance data with untreated FFT (G-) samples (closed circles) and gamma-treated FFT (G+)
samples (open circles). Convex hulls illustrate each grouping of samples (G- or G+) at each
sampling time point (black = Wk 2; pink = Wk 8; red = Wk 20; green = Wk 52) to illustrate
variability between replicates and the overall community shift over 52 weeks of incubation. (A)
Anaerobic FFTP1A system, PCo1 and PCo2 explain 59% community variation; (B) aerobic FFTP1A
system, PCo1 and PCo2 explain 63% community variation.
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STP

PCo2 (20%)

Anaerobic

(A)

PCo1 (39%)

PCo2 (12%)

Aerobic

(B)

PCo1 (49%)

Figure 2.2: Principal coordinates analysis (PCoA) for FFTSTP using Bray-Curtis similarity index with
transformation exponent C=2. Ordination of the metagenome was produced using OTU relative
abundance data with untreated FFT (G-) samples (closed circles) and gamma-treated FFT (G+)
samples (open circles). Convex hulls illustrate each grouping of samples (G- or G+) at each
sampling time point (black = Wk 2; pink = Wk 8; red = Wk 20; green = Wk 52) to illustrate
variability between replicates and the overall community shift over 52 weeks of incubation. (A)
Anaerobic FFTSTP system, PCo1 and PCo2 explain 59% community variation; (B) aerobic FFTSTP
system, PCo1 and PCo2 explain 61% community variation.
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Anaerobic

Aerobic

P1A
0
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STP

Relative Abundance (%)

100

0
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8

20 52

G-

2

8

20 52

2

G+

8

20 52

G-

2

8

20 52

G+

Elapsed Time
(weeks)
Figure 2.3: Community composition of Bacterial phyla within FFTP1A and FFTSTP in both anaerobic
(left) and aerobic (right) conditions, based on OTU relative abundance, illustrating temporal
differences as a function of GI treatment. Others include Acidobacteria, Actinobacteria,
Aquificae, Armatimonadetes, Chlamydiae, Chlorobi, Chloroflexi, Deferribacteres, DeinococcusThermus, Dictyoglomi, Elusimicrobia, Nitrospira, Planctomycetes, Spirochaetes, Synergistetes,
Tenericutes, Thermodesulfobacteria, Thermotogae, Verrucomicrobia.

72

Anaerobic

Aerobic

P1A
0
100

STP

Relative Abundance (%)

100

0

2

8

20 52

G-

2

8

20 52

G+

2

8

20 52

G-

2

8

20 52
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Figure 2.4: Community composition of Proteobacteria classes within FFTP1A and FFTSTP in both
anaerobic (left) and aerobic (right) conditions, based on OTU relative abundance, illustrating
temporal differences as a function of GI treatment.
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Anaerobic
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P1A
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STP
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Figure 2.5: Community composition of Bacteroidetes classes within FFTP1A and FFTSTP in both
anaerobic (left) and aerobic (right) conditions, based on OTU relative abundance, illustrating
temporal differences as a function of GI treatment.
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Relative Abundance (%)

Anaerobic
P1A

(A)

(B)

(C)

(D)

Elapsed Time (weeks)

Figure 2.6: Relative abundance distribution of relevant genera (Enterobacter (A), Pseudomonas
(B), Syntrophus (C), Smithella (D)) within anaerobic FFTP1A system, illustrating the stimulation of
each as a function of GI treatment over 52 weeks.

75

Aerobic

(A)

Relative Abundance (%)

(B)

(C)

Elapsed Time (weeks)

Figure 2.7: Relative abundance distribution of relevant genera (Geobacter (A), Diaphorobacter
(B), Ferruginibacter (C)) within aerobic FFTP1A system, illustrating the stimulation of each as a
function of GI treatment over 52 weeks.
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Anaerobic STP

(A)

Relative Abundance (%)

(B)

(C)

Elapsed Time (weeks)

Figure 2.8: Relative abundance distribution of relevant genera (Desulfuromonas (A),
Pseudomonas (B), Pontibacter (C)) within anaerobic FFTSTP system, illustrating the stimulation of
each as a function of GI treatment over 52 weeks.
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Aerobic STP

Relative Abundance (%)

(A)

(B)

Elapsed Time (weeks)

Figure 2.9: Relative abundance distribution of relevant genera (Pseudomonas (A), Pontibacter
(B)) within aerobic FFTSTP system, illustrating the stimulation of each as a function of GI
treatment over 52 weeks.
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CHAPTER 3
SIGNIFICANCE, LIMITATIONS AND FUTURE DIRECTIONS

3.1

Significance
Oil sands tailings ponds are a major environmental concern, especially in

Northern Alberta where the total volume of such contaminated material is predicted to
exceed 109 m3 by 2020 (Lo et al. 2006; Kannel & Gan 2012). In accordance with
provincial regulations, all oil sands operations in the Athabasca region must comply with
a zero discharge policy, meaning remediation of all disrupted land and waste is a
requirement. Of particular concern regarding reclamation of tailings ponds is the time
involved for particle settling and detoxification of FFT. The research presented here
builds on a collaborative study that highlighted the geochemical and toxicological
components of Suncor FFT collected from two distinct tailings pond environments –
Pond 1A (P1A) and South Tailing Pond (STP). Boudens et al. (2016) focused on the
physicochemical drivers and toxicity results of the GI treatment on FFT. Correlating the
community profile of the indigenous microbes and their response to GI treatment serves
two purposes. Firstly, it identifies bacterial components whose activities could be
perceived as positive or negative from a reclamation perspective. For example, the
treated systems may have been dominated with methanogens or SRB, which could have
negative impacts on water quality and greenhouse gas emission. Alternatively, these
treated systems may have stimulated organisms responsible for degradation of organic
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compounds and nutrient cycling with a net positive outcome. Combined, this
information will be used to evaluate the risk potential of this treatment for future
reclamation
The microbial community composition differs between the types of FFT collected
from the individual tailings ponds as well as in their response to detoxification
treatment, such as gamma irradiation. One factor presumed to affect the microbes is
based on the uniqueness of the sources of FFT material because each tailings pond has
its own process history and origin, which may influence the geochemical response. This
facet may be partially responsible for the progress of microbial development. The fact
that alpha diversities (Table 2.4) and evenness indices were comparable between
untreated G- and gamma-treated G+ samples within all systems demonstrates the
effectiveness of the re-inoculation of the native microbial community in quickly
promoting microbial development in the gamma-treated FFT material. The next
question however, was to determine if the G+ communities that developed were similar
or different from their untreated G- counterparts.
The bacterial community profiles of all G- and G+ samples within all systems
were dominated by two particular phyla – the Bacteroidetes and Proteobacteria – with
moderate variation in relative abundance over the 52 weeks. Most distinctly, differences
in relative abundance of the Bacteroidetes between treatments indicated that they were
key players in the G+ samples. This was a positive outcome since metabolic activity of
members of this phylum is commonly associated with degradation of complex organic
compounds, and these taxa are considered to have potential for biotechnological
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applications (Kaplan & Kitts 2004; Bernardet & Bowman 2006; Thomas et al. 2011).
Furthermore, several authors have noted that the augmentation of biodegradation is
accompanied by faster consolidation of the solids in FFT (Siddique et al. 2014; Siddique
et al. 2014). If GI treatment does stimulate the development of organic-degrading
communities, this phenomenon of faster consolidation rates should be investigated in
future studies; again this is a potential positive outcome of the GI treatment as tailings
densification is an important factor for reclamation (Eckert et al. 1996).
Examination of microbial differences between treatments at the genus level
provided information regarding the particular influence of the GI process on community
development over the 52 week study. Specifically, analysis at this resolution highlighted
some of the variations based on atmospheric condition (oxic vs. anoxic) as well as
between the two different source ponds (P1A vs. STP).
Interestingly, the aged FFTP1A systems appeared to show more of a microbial
impact from the GI treatment than the fresh FFTSTP systems over the course of the study
(Table 2.5 and Table 2.6). Apart from the microbial assemblages themselves, this detail
is thought to be based on the geochemical differences among the two FFT materials. It is
presumed that the older FFTP1A material contained a large quantity of recalcitrant
hydrocarbons while the younger FFTSTP material was comprised of a full suite of both
recalcitrant and labile organic compounds prior to ionization. Therefore, after exposing
the materials to GI, the microbial communities developed in the new environments in
different ways. In other words, the FFTP1A systems illustrated stimulation of several
genera as a response to the treatment, whereas the FFTSTP systems demonstrated
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stimulation of only a few genera. In particular, FFT P1A revealed higher relative
abundances of some key biodegraders as a result of GI treatment, including
Pseudomonas, Enterobacter and Diaphorobacter. Additionally, this aged FFTP1A showed
stimulation of two important syntrophic bacteria (Syntrophus and Smithella) within the
anaerobic system, not only suggesting that this material was composed of a complex
assemblage of organisms, but that GI treatment promoted methylotrophic activity that
served to reduce the release of methane to atmosphere.
On the other hand, less microbial stimulation as a function of GI treatment was
observed in the fresh FFTSTP systems, especially at the end of the study. In fact, the only
taxon to become significantly more abundant in FFTSTP mesocosms at 52 weeks was
Desulfuromonas within the anaerobic system. As described in Chapter 2,
Desulfuromonas spp. may facilitate sulfur reduction in anaerobic environments but
require a complex hierarchy of electron transfer pathways. This suggests that the
younger FFTSTP material may contain a complex microbial community composed of
obligate anaerobes in which active organisms have very specific biogeochemical roles
within the system. This is unlike FFTP1A where these mesocosms were noted for their
facultative nature and development (Boudens et al. 2016).
One similarity in the effect of GI treatment on the two FFT materials studied is a
reduction in the concentration of naphthenic acids in OSPW by up to 95% (Boudens et
al. 2016). The alteration of organic compounds within the material appeared to
stimulate the activity of organic degraders and elemental cycling (e.g. N, Fe, and S),
which was brought on by the increased carbon bioavailability (Clemente & Fedorak
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2005; Martin et al. 2010; Kannel & Gan 2012). Another similarity between the pond
types was the chemotrophic characteristics they demonstrated. For example, the
microbial community of the anaerobic environment of both P1A and STP materials
exhibited stimulated metabolic processes governed by chemoorganotrophic bacteria
(i.e. organisms capable of organic biodegradation). On the other hand, the aerobic
condition for FFTP1A was influenced in part by chemolithotrophic bacteria capable of
actively metabolizing iron and sulfur (i.e. Geobacter, Diaphorobacter). In the end, no
stimulatory effects of the GI treatment on the FFTSTP were observed under aerobic
condition.

3.2

Limitations and Future Directions
Although the microbial community development at the genus level within the

gamma-treated samples was assessed, confirmation at the species level may be
warranted. The species designation is the principal taxonomic unit of an organism. While
genus information can provide generalized characteristics regarding the organisms that
belong under this classification, the species classification offers details on the genotypic
and phenotypic properties of a particular organism. With this resolution, greater
predictions could be made on the biogeochemical dynamics occurring in the FFT (e.g.
nutrient cycling, degradation of specific compounds, tolerance to oxygen, etc.). Future
approaches in identifying taxonomy to function should be implemented.
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For example, future investigations should be taken at the functional level using
quantitative PCR (qPCR). Specifically, reverse transcription qPCR (RT-qPCR) is the process
of amplifying and quantifying particular genes that are likely expressed in the matrix (i.e.
mRNA). This information would provide insight into gene activity within the FFT and help
describe how the expression of the targeted genes varied between treatments (oxic vs.
anoxic; G- vs. G+), between ponds (P1A vs. STP), and over time. Based on the chemical
information reported by Boudens et al. (2016), the genes that would have to be selected
for RT-qPCR include dsr (dissimilatory sulfate reduction), mcr (methyl-coenzyme M
reductase), and others encoding for iron and nitrogen microbial oxidation/reduction
pathways. Gene expression data related to these particular metabolic functions would
support the chemical data reported by Boudens et al. (2016).
Alternatively, the application of metatranscriptomics may be considered, which
specifically identifies and quantifies all of the gene expression within a given sample.
This information could then be used to understand chemical pathways and gene
regulation as a function of treatment with even greater detail. Microbial
characterization based on DNA sequencing gives insight to the potential of the
community, yet does not permit one to investigate true microbial function or activities.
Regardless of the profile, it is very difficult to propose the biotic mechanisms involved in
the FFT without some form of RT-qPCR or metatranscriptomics analysis.
Some of the proposed future work is currently being implemented in a field-scale
experiment (Figure 3.1) characterizing the microbial activity within similar FFT
ecosystems and discerning how this knowledge can be utilized to further
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enhance/accelerate this reclamation approach. The advantage of this upscale trial is that
natural parameters (i.e. weather conditions such as temperature, rain fall, and natural
disasters, etc.) cannot be controlled, which allows for a more representative assessment
of the success of this reclamation approach within the Athabasca region.
Microorganisms are in part both primary consumers/producers and ultimately
dictate the resulting biota of the reclaimed landscape. Additionally, comparative
research on local natural wetlands that have not been affected by anthropogenic
activities will provide guidance on the direction that FFT reclamation should be headed
to further optimize the success of these research projects.
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Figure 3.1: Photograph of the initial stages of field-scale experiments operating on
Suncor Energy lease in the Athabasca oil reserves of northern Alberta, Canada. The
design is based on laboratory results regarding utilization of GI treatment to degrade
toxic hydrocarbon compounds within FFT. Long-term monitoring of these field
mesocosms will determine the success of this treatment in a natural environmental
setting where weather conditions are not static, unlike the lab-scale experiments.
(Photo: Chantal Dings-Avery, University of Windsor).
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APPENDIX A – Supplementary Information

Equation S1: Bray-Curtis distance measure (PAST) (Bray & Curtis 1957).

Equation S2: Chao1 – species richness estimator (PAST).
Chao1 = S + F1(F1 – 1) ÷ (2(F2 + 1))
where S is number of taxa
F1 is the number of singleton species
F2 the number of doubleton species.

Equation S3: Shannon index (entropy) – a diversity index concerning the number of individuals
as well as the number of taxa; varies from 0 (communities with only one taxon) to high values
(communities with many taxa, each with few individuals) (PAST).
Shannon index = H

where
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Table S1: Average number of reads for all OTUs of all replicates (“reps”) for each sample week 2,
8, 20 and 52 within each system (i.e. P1A and STP; oxic and anoxic), and the standard deviation
(“Std Dev”) of reads per replicate for each respective system.

Anaerobic

P
1
A

S
T
P

G-

G+

G-

G+

Wk
2
8
20
52
2
8
20
52
2
8
20
52
2
8
20
52

# of
Reps
3
4
4
2
3
3
3
3
4
3
3
3
3
3
3
3

Average
Reads/Sample
24991
11791
10219
62010
12963
18127
4901
19254
2785
22323
33274
8286
5337
9501
38172
25052

Aerobic
Std
Dev
5953
11376
3794
19152
4359
10615
3885
14164
1261
8998
18883
1698
2922
7144
9598
6073

# of
Reps
3
3
3
3
3
4
4
3
4
3
4
3
4
3
3
3

Average
Reads/Sample
19403
5946
7353
56313
14246
3997
10093
78159
21748
28678
12052
80473
27179
42789
1536
84012

Std
Dev
8709
4131
2877
10746
2608
2448
8736
25309
18693
17388
6612
25125
19785
20623
528
29785
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Table S2: Nested ANOVA summary of the ten most abundant OTUs within each system,
illustrating degree of significance for each organism as a function of time and GI treatment, and
the percentage these top ten OTUs account for within each system, generated using R.

Anaerobic

P
1
A

S
T
P

OTU
2
3
7
21
14
26
4
2997
8
5

Genus
Enterobacter
Marinobacterium
Diaphorobacter
Smithella
Thiobacillus
Pelobacter
Marinobacterium
Georgfuchsia
Simplicispira
Georgfuchsia

Aerobic
Time

***

***
**
**
∙

GI
*
*
***
*
*
***
***
***
***

% of
system

41.6

13.6

39.1

2
5
18
7
15
16
11
28
195
3

Enterobacter
Georgfuchsia
Pelobacter
Diaphorobacter
Acholeplasma
Pseudomonas
Pontibacter
Tenacibaculum
Hydrogenophaga
Marinobacterium

***

**
***

% of
system

41.9

23.2

***
***
*
***

**
**
**
**
***
30.6

OTU
7
8
1
3
2
6
2997
4
14
10

Genus
Diaphorobacter
Simplicispira
Thioalkalivibrio
Marinobacterium
Enterobacter
Geobacter
Georgfuchsia
Marinobacterium
Thiobacillus
Ferruginibacter

Time
***
*
***

***

**
**

% of
system

47.5

29.7

21.8

1
4
3
5
7
6
2
11
18
19

Thioalkalivibrio
Marinobacterium
Marinobacterium
Georgfuchsia
Diaphorobacter
Geobacter
Enterobacter
Pontibacter
Pelobacter
Desulfitibacter

***

*

*
**
***

**
***

**
*
*

***

% of
system

41.4

29.3

20.9

*
**

GI

***
**
*

*** = p<0.001; ** = p<0.01; * = p<0.05; ∙ = p<0.1
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P1A

Taxa

Anaerobic

Aerobic

Specimens
Figure S1: Rarefaction on individual bacterial samples for anaerobic (top) and aerobic (bottom)
P1A FFT. Each sample is designated with the sample week, untreated (G-) or gamma-treated
(G+), and replicate number. Specimens represents the number of individual organisms within
each replicate.
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STP

Taxa

Anaerobic

Aerobic

Specimens
Figure S2: Rarefaction on individual bacterial samples for anaerobic (top) and aerobic (bottom)
STP FFT. Each sample is designated with the sample week, untreated (G-) or gamma-treated
(G+), and replicate number. Specimens represents the number of individual organisms within
each replicate.
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(A)

(B)

Figure S3: Relative abundance distribution of bacterial phyla Bacteroidetes (A) and
Proteobacteria (B) within the anaerobic FFTP1A system, illustrating both untreated G- and
gamma-treated G+ samples over 52 weeks. The letter denotations above each bar is
representative of Tukey’s pairwise post-hoc test; if samples share a letter, these samples are
statistically similar; if they do not share a letter, they are significantly different.
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(A)

(B)

Figure S4: Relative abundance distribution of bacterial phyla Bacteroidetes (A) and
Proteobacteria (B) within the aerobic FFTP1A system, illustrating both untreated G- and gammatreated G+ samples over 52 weeks. The letter denotations above each bar is representative of
Tukey’s pairwise post-hoc test; if samples share a letter, these samples are statistically similar; if
they do not share a letter, they are significantly different.
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(A)

(B)

Figure S5: Relative abundance distribution of bacterial phyla Bacteroidetes (A) and
Proteobacteria (B) within the anaerobic FFTSTP system, illustrating both untreated G- and
gamma-treated G+ samples over 52 weeks. The letter denotations above each bar is
representative of Tukey’s pairwise post-hoc test; if samples share a letter, these samples are
statistically similar; if they do not share a letter, they are significantly different.
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(A)

(B)

Figure S6: Relative abundance distribution of bacterial phyla Bacteroidetes (A) and
Proteobacteria (B) within the aerobic FFTSTP system, illustrating both untreated G- and gammatreated G+ samples over 52 weeks. The letter denotations above each bar is representative of
Tukey’s pairwise post-hoc test; if samples share a letter, these samples are statistically similar; if
they do not share a letter, they are significantly different.
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(A)

(B)

104

(C)

(D)

Figure S7: Relative abundance distribution of Proteobacterial classes Alpha- (A), Beta- (B), Delta(C) and Gammaproteobacteria (D) within the anaerobic FFTP1A system, illustrating both
untreated G- and gamma-treated G+ samples over 52 weeks. The letter denotations above each
bar is representative of Tukey’s pairwise post-hoc test; if samples share a letter, these samples
are statistically similar; if they do not share a letter, they are significantly different.
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(A)

(B)

106

(C)

(D)

Figure S8: Relative abundance distribution of Proteobacterial classes Alpha- (A), Beta- (B), Delta(C) and Gammaproteobacteria (D) within the aerobic FFTP1A system, illustrating both untreated
G- and gamma-treated G+ samples over 52 weeks. The letter denotations above each bar is
representative of Tukey’s pairwise post-hoc test; if samples share a letter, these samples are
statistically similar; if they do not share a letter, they are significantly different.
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(A)

(B)

108

(C)

(D)

Figure S9: Relative abundance distribution of Proteobacterial classes Alpha- (A), Beta- (B), Delta(C) and Gammaproteobacteria (D) within the anaerobic FFTSTP system, illustrating both untreated
G- and gamma-treated G+ samples over 52 weeks. The letter denotations above each bar is
representative of Tukey’s pairwise post-hoc test; if samples share a letter, these samples are
statistically similar; if they do not share a letter, they are significantly different.
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(A)

(B)

110

(C)

(D)

Figure S10: Relative abundance distribution of Proteobacterial classes Alpha- (A), Beta- (B),
Delta- (C) and Gammaproteobacteria (D) within the aerobic FFTSTP system, illustrating both
untreated G- and gamma-treated G+ samples over 52 weeks. The letter denotations above each
bar is representative of Tukey’s pairwise post-hoc test; if samples share a letter, these samples
are statistically similar; if they do not share a letter, they are significantly different.
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(A)

(B)

Figure S11: Relative abundance distribution of Beta- (A) and Gammaproteobacteria (B) classes
within the anaerobic FFTSTP system over 52 weeks. The graphs illustrate the inconsistency of
dominant group between untreated G- and gamma-treated G+ samples.
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(A)

(B)

Figure S12: Relative abundance distribution of Bacteroidetes classes Flavobacteria (A) and
Sphingobacteria (B) within the anaerobic FFTP1A system, illustrating both untreated G- and
gamma-treated G+ samples over 52 weeks. The letter denotations above each bar is
representative of Tukey’s pairwise post-hoc test; if samples share a letter, these samples are
statistically similar; if they do not share a letter, they are significantly different.
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(A)

(B)

Figure S13: Relative abundance distribution of Bacteroidetes classes Flavobacteria (A) and
Sphingobacteria (B) within the aerobic FFTP1A system, illustrating both untreated G- and gammatreated G+ samples over 52 weeks. The letter denotations above each bar is representative of
Tukey’s pairwise post-hoc test; if samples share a letter, these samples are statistically similar; if
they do not share a letter, they are significantly different.
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(A)

(B)

Figure S14: Relative abundance distribution of Bacteroidetes classes Flavobacteria (A) and
Sphingobacteria (B) within the anaerobic FFTSTP system, illustrating both untreated G- and
gamma-treated G+ samples over 52 weeks. The letter denotations above each bar is
representative of Tukey’s pairwise post-hoc test; if samples share a letter, these samples are
statistically similar; if they do not share a letter, they are significantly different.
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(A)

(B)

Figure S15: Relative abundance distribution of Bacteroidetes classes Flavobacteria (A) and
Sphingobacteria (B) within the aerobic FFTSTP system, illustrating both untreated G- and gammatreated G+ samples over 52 weeks. The letter denotations above each bar is representative of
Tukey’s pairwise post-hoc test; if samples share a letter, these samples are statistically similar; if
they do not share a letter, they are significantly different.
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(A)

(B)

Figure S16: Illustration of the black sulfidic pocket within the aerobic FFTP1A system (A) and its
eventual oxidation over time (B). These photos demonstrate REDOX zonation and the
heterogeneity of this FFTP1A material in particular.

117

(A)

(B)

(C)

(D)

Figure S17: Relative abundance distribution of relevant genera (Enterobacter (A), Pseudomonas
(B), Smithella (C), Syntrophus (D)) within the anaerobic FFTP1A system, illustrating both untreated
G- and gamma-treated G+ samples over 52 weeks. The letter denotations above each bar is
representative of Tukey’s pairwise post-hoc test; if samples share a letter, these samples are
statistically similar; if they do not share a letter, they are significantly different.
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(A)

(B)

(C)

Figure S18: Relative abundance distribution of relevant genera (Geobacter (A), Diaphorobacter
(B), Ferruginibacter (C)) within the aerobic FFTP1A system, illustrating both untreated G- and
gamma-treated G+ samples over 52 weeks. The letter denotations above each bar is
representative of Tukey’s pairwise post-hoc test; if samples share a letter, these samples are
statistically similar; if they do not share a letter, they are significantly different.
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(A)

(B)

(C)

Figure S19: Relative abundance distribution of relevant genera (Desulfuromonas (A),
Pseudomonas (B), Pontibacter (C)) within the anaerobic FFTSTP system, illustrating both
untreated G- and gamma-treated G+ samples over 52 weeks. The letter denotations above each
bar is representative of Tukey’s pairwise post-hoc test; if samples share a letter, these samples
are statistically similar; if they do not share a letter, they are significantly different.
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(A)

(B)

Figure S20: Relative abundance distribution of relevant genera (Pseudomonas (A), Pontibacter
(B)) within the aerobic FFTSTP system, illustrating both untreated G- and gamma-treated G+
samples over 52 weeks. The letter denotations above each bar is representative of Tukey’s
pairwise post-hoc test; if samples share a letter, these samples are statistically similar; if they do
not share a letter, they are significantly different.
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SRB Enrichment Representative

4% 11%

1%

7%
50%
28%

15%
40%

13%
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Figure S21: Bacterial genera distribution within SRB enrichment samples derived from both aged
FFTP1A+ and fresh FFTSTP. Others include Acetobacterium, Aeromonas, Oscillibacter,
Lachnospiracea incertae sedis.
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